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Abstract
Electron-beam physical vapor deposition was completed to fabricate thin-film yttrium
coated 6061 aluminum substrates. Subsequently, a consistent specimen fabrication method
was developed for thin film-elastomer junction with high interfacial bond strength. Utilizing inherent hydroxyl (-OH) groups on the according thin film, surface treatments
were completed to form interfacial silanol bonds that acted to imbue thin-film yttrium
with reactive sites for urea and hindered urea bonds. A new polymer was prepared
based on polyethylene glycol soft segments. Urea-silanol and hindered urea-silanol
moieties are the distinguishing characteristic of fabricated control and experimental
specimens, respectively. High interfacial bond strength has resulted in an inability to
perform successful mechanical testing following ASTM D903. Other results support
the ability of hindered urea-silanol moiety scission and reformation at elevated temperatures, unlike urea-silanol moieties. Characterizing the precise nature of moieties
distinguishing control and experimental specimens has been established; optimization
of these interfacial bonds is the basis of future work.
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Chapter 1

Introduction & Background
1.1

Introduction

Thin films have become increasingly prevalent in the field of engineering, including
applications such as (Fan, Boyd, and Shelton, 2000; Kogler et al., 2014):
• metallic coating of fibers
• protective toughening agents
• enrichment of uranium for nuclear power generation
• high temperature stable ceramics
• efficient ion conductors for solid oxide fuel cells
The metal vapors associated with thin-film fabrication are also of importance to the
scientific community. Thermophysical properties of alkali-metal vapors are important for several technological processes, namely as working fluids for Rankine cycles, solar power plants,
and magnetic hydrodynamic generation (Fialho et al., 2005). Various coating processes are
commonly utilized to fabricate thin films. These coating processes are commonly categorized into three broad groups: vapor, liquid, and solid phase deposition. A more
detailed list of coating processes categorized by these groups is as shown (Singh and
Wolfe, 2005, p. 2):
• Powder Spray deposition processes
– Thermal spray, Plasma spray
– High-velocity-oxy-fuel (HVOF)
– Detonation gun (D-gun)
• Chemical vapor deposition processes (CVD)
– Low pressure CVD
– Plasma enhanced CVD
– Photochemical and laser-CVD
• Physical vapor deposition processes (PVD)
– Thermal evaporation
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– Electron beam-PVD
– Sputtering

◦
◦
◦
◦

Balanced and unbalanced magnetron sputtering
Direct current diode sputtering
Radio frequency sputtering
Triode-assisted PVD

– Cathodic arc
– Ion plating
EBPVD was the selected method for thin-film fabrication. Both improved quality and an
increased ability to control the microstructure of films produced is derivative of better
equipment and analyzation tools. There are various ways to tailor the EBPVD process
for creation of films with preferred microstructural characteristics (depending on application). Due to equivalence in the growth mechanisms seen during CV, PV, or EBPV
deposition processes it has been determined that the structural evolution of a thin film
undergoes three main stages. These include a nucleation stage, re-structuring or crystal/film growth, and grain growth by coalescence. The nucleation stage occurs as small
numbers of ions, atoms, or molecules become arranged in a pattern characteristic of a crystalline
solid, forming a site upon which additional particles are deposited as the crystal grows (Encyclopaedia Britannica, 2019). In other words, vapor migrates to a site with low activation
energy, condensing on the available surface. In the proceeding stage, incoming condensation flux incorporates itself into growing individual units of the film structure. An
important aspect of this stage is the fact that crystal development is anisotropic to reduce the surface free energy. It is in the final stage that the unit structure is re-organized
or coalesced. The periodic organization of crystalline grains during coalescence is associated with the surface free energy, surface diffusion, and bulk diffusion. These aspects
are all dependent upon the substrate deposition temperature and total energy of the
system. Correlations between the melting point of source material (Tmp ) and substrate
temperature (Tsub ) provide different growth morphologies that have been classified into
structure zone models. When arranged as a ratio (Tmp/Tsub ), these temperatures paired
with chamber pressure aid in describing which zone the film will fall under. Specifically, studies of growth models provide the following classifications (Singh and Wolfe,
2005):

F IGURE 1.1: Four zones associated with growth models (Singh and
Wolfe, 2005, p. 5)

• Zone 1: poorly crystalline or amorphous columnar crystallites separated by voids
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Tmp/Tsub

3

< 0.3

• Transition Zone: densely packed, fibrous grains containing many defects
– Ion beam assisted deposition (IBAD) process
• Zone 2: columnar grains
– 0.3 <

Tmp/Tsub

< 0.5

• Zone 3: equiaxed crystallite shapes
– 0.5 <

Tmp/Tsub

<1

Corresponding ratio values are shown above. IBAD involves ion bombardment during
deposition and tends to reduce tensile stress/change the intrinsic stress from tensile to
compressive. Studies show that preferred crystal orientation can be controlled depending on the energy of the ion beam in use, which yields an ability to control stress levels.
(Singh and Wolfe, 2005)
During deposition, ion bombardment has been shown to improve adhesion, nucleation
and growth, control of internal stress, morphology, density, composition, and possibility
of low temperature deposition (Hirvonen, 1989). During IBAD, ions are accelerated in
an implanter and impinge on the surface of a solid target (Wolf, 1992). Other factors that
influence film growth are crystal orientation and vapor incidence angle of the substrate.
Crystal orientation is largely affected by the crystal structure of the substrate in use.
Microstructure can also vary due to deposition on irregular shapes or surfaces. The
graphic below acts to summarize factors discussed above:

F IGURE 1.2: Factors Affecting Film Bonding, Adhesion, and Growth

Polymer science, a subfield of materials science, includes researchers in chemistry, physics,
and engineering. Main subdisciplines of polymer science and their respective concerns
include (Wikipedia, 2020):
• Polymer chemistry: chemical synthesis and chemical properties of polymers
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• Polymer physics: bulk properties of polymer materials and engineering applications
• Polymer characterization: analysis of chemical structure, morphology, and the determination of phyical properties in relation to compositional and structural parameters
Completed work acts to characterize a transition metal, yttrium, that is not well documented in this domain. The determination of characteristic surface properties of thinfilm yttrium provides a basis for the derivation of further surface and bulk characterizations. This thesis is primarily concerned with the creation of thin-film yttrium, an ability
to create surface connections between the thin film and a polymer, and mechanically
testing strength retention of the fabricated surface connections. The bulk of experimental work concerned bonding the polymer to the surface of the thin film. From there, an
assessment of interfacial bonding was completed.
Further experimental work includes the comparison of two different thermite fabrication methods; the first involving an MnO2 monolayer, the second involving an MnO2
aerogel. A comparison of fabrication method and resulting adiabatic reaction temperature/heat of reaction is speculated on.
Both sets of experimental work are associated by an ability to create surface connections
with thin-film yttrium.

1.2
1.2.1

Background
Intrinsically Self-Healing Polymer

Thermoplastics can be molded through heated/solvent assisted injection or extrusion
and show the ability to be reprocessed or recycled after curing, as they lack crosslinking. This is not characteristic of thermosets, which have excellent mechanical properties,
solvent resistance, abrasion resistance, and load-bearing capacity in comparison to thermoplastics, but are not able reprocessed once formed owing to the presence of permanent crosslinks. Polymers prepared through reversible exchange of non-covalent interaction, or dynamic covalent bonding, are susceptible to radical association-dissociation
(Ying, Zhang, and Cheng, 2014). Polymer networks containing dynamic covalent bonds,
which facilitate stress relaxation and reversible depolymerization through bond exchange (Zhang
et al., 2016), have shown the ability to self-repair. This corresponds to a polymer that
contains crosslinking and is capable of being reprocessed. A number of different types
of chemical groups exhibit intrinsic self-healing capability including hindered urea bonds.
HUBs exhibit good self-healing properties when incorporated into soft elastomeric networks,
even in the absence of a catalyst (Bruce and Lewis, 2017). Elastomeric networks exhibit
an entropic resistance to deformation given inherent viscoelasticity and governance by
weak intermolecular forces. The formation of HUBs throughout the self-healing polymer provide an intrinsic self-repairing capability, however, extrinsic self-healing elastomers exhibit similar capabilities with a difference in healing mechanism. Intrinsic
self-healing materials achieve repair through the inherent reversibility of chemical bonds and
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physical interactions between the damaged interfaces (Wang et al., 2019, p. 4877). This is unlike extrinsic self-healing materials, which require the incorporation of healing agents.
The figure below depicts the reaction scheme of HUBs (i.e. dynamic covalent bonds).

F IGURE 1.3: “Idealized reaction scheme showing reaction of isocyanate and
amine to form a dynamic hindered urea bond (HUB)” (Bruce and Lewis,
2017, p. 934)

While HUBs facilitate self-healing capabilities, the remainder of the elastomeric network
contains urethane bonding:

F IGURE 1.4: Idealized reaction scheme showing reaction of isocyanate
and alcohol to form a urethane bond (adapted from Sharmin and Zafar,
2012, p. 9)

Our goal was to test the strength retention of this bond to a surface other than itself. For
this reason, a formulation other than that stated by Bruce and Lewis, 2017, was required.
Bruce and Lewis, 2017 provide a summary of previously completed research regarding
one-pot synthesis of HUB containing polyurethane-urea polymers; the materials that
were utilized provide the following during synthesis:
• Triethanolamine (TEA): crosslinkers
• Tetraethylene glycol (TEG): chain extenders, provide increased flexibility
• Hexamethylene Diisocyanate (HMDI): aliphatic isocyanate
• m-Xylylene Diisocyanate (XDI): aromatic isocyanate
• 1-(tert-butyl)-1-ethylurea (TBEU): diamine, isocyanates "grab" on
• KKAT: catalyst
Note that aromatic isocyanates contain a bulky side group while aliphatic isocyanates
do not; intuitively, networks containing a higher percent of aromatic isocyanates have
a higher Tg . The reaction between isocyanates (HMDI, XDI) and TBEU form a moiety
between HUBs. Previous research by Bruce and Lewis, 2017 implemented different
percents of aliphatic and aromatic isocyanates to synthesize a self-healing polymer with
varying glass transition temperature (Tg ), Young’s modulus, and breaking stress.
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Prior work was completed to support findings of Zhang et al., 2016 & Bruce and Lewis,
2017 with regards to the reprocessing of this self-healing polymer. A set of saturated
XDI-50 polymers were cryo-milled and reheated to corroborate that discussed in detail
by Zhang et al., 2016 & Bruce and Lewis, 2017:

(A)
Cryomilled
Material

( B ) Uncontrolled
Reheating

(C)
Controlled
Reheating

F IGURE 1.5: Cryomilled & Reheated Self-heal, XDI-50 (03.01.18)

Unfortunately, the hot plate used for reheating lacked a temperature display. Therefore,
the temperature at which polymer degredation occurred is unknown. Notably, when reheating was better controlled [fig. 1.5 (C)], a shift in material shade propagated through
the network; cyromilled particles rejoined to form a continuous sheet. At this time, selfhealing had taken place. Voids resulting from a lack of compaction during processing
remained.
Data was collected showing the flow temperature of XDI-0, 50, and 75 with fast and
slow temperature ramps respectively. This provides evidence that XDI content affects
the temperature at which the polymer will degrade.
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F IGURE 1.6: Experimental Setup, Nitrogen Flowing over Material
(09.07.18)

TABLE 1.1:

Flow Temperature Data, Toluene Saturated Self-heal
(09.07.18)

Material
XDI - 0
XDI - 50
XDI - 75

Flow Temperature (◦ C)
Fast Temp. Ramp Slow Temp. Ramp
195 - 200
175 - 180
210 - 215

137.8
159.7
-

It was determined that if the material is not heated at an appropriate rate, "false" flow
temperatures, seen at fast temperature ramps (<5 min elapsed between temp. changes),
are displayed by the material.
DSC data was also collected comparing the glass transition temperature of a cryomilled
and untouched XDI-0 polymer.
TABLE 1.2: XDI-0 DSC Data (9.4.18 batch, see Appendix B for raw data)

DSC Run
1
2
3

Tg (◦ C)
XDI-0 (untouched) XDI-0 (cryomilled)
5.65
5.77
5.83

3.93
5.13
5.68

A paired t-test of collected data from table 1.2 [fig. B.3, appendix B] provides evidence
that cryomilling the given polymer does not have a statistically significant effect on the
Tg that is observed after iterative heating hysteresis loops.

1.2.2

Thin-film Yttrium Creation

EBPVD is a flexible method used to fabricate thin films. A focused high-energy electron
beam is directed to melt the evaporant material in a vacuum chamber via magnetic field.
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The material that is being evaporated condenses on the surface of a substrate, however,
the entire chamber is subject to this condensate as well. With regards to improved bonding between the substrate and evaporant, heating can be applied to the substrate. Other
methods include ion beam etching or pre-cleaning of the substrate to remove contamination material. Substrate surface cleaning removes hydrocarbons and water molecules
and increases the density of nucleation sites for condensation, all of which improves
adhesion. In situ cleaning of samples prior to coating is often employed too. (Singh and
Wolfe, 2005)

F IGURE 1.7: Schematic of the EBPVD Process (Wikipedia, 2019)

The EBPVD unit consists of four main components for operation: the EB-gun assembly (in this case, current flows through what was suspected to be a tungsten filament),
water cooled crucible (molybdeunum) which contains the material to be evaporated
(yttrium), the substrate or part to be coated (6061 aluminum), and the vacuum chamber unit. Notably, the difference in standard enthalpies of formation for reactants Y
and Al2 O3 , and products Al and Y2 O3 , provides confidence in the strength of bonding between the aluminum substrate and corresponding thin-film yttrium. This was an
important characteristic to know before fabricating the thin film.
◦
◦
∆ f H298
( products) − ∆ f H298
(reactants) ≈ ∆Hrxn

(1.1)

so
2 Y + Al2 O3 −−→ Y2 O3 + 2 Al
where

kJ
mol
kJ
= −1675.7
mol

◦
Y2 O3 : ∆ f H298
= −1905.31

(1.2)

◦
Al2 O3 : ∆ f H298

(1.3)

yields
∆Hrxn = −1905.31 + 1675.7 = −229.61

kJ
mol

(1.4)
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The negative energy difference provides an exothermic reaction (Academy, 2019), meaning that there will be good adhesion strength/bonding between the substrate and evaporant.

1.2.3

Silane Surface Treatment of Thin-film Yttrium

In order to test bond retention to a surface other than itself, an interfacial layer between
the self-healing polymer and thin film was required. Although there is often difficulty
in detecting chemical bonding at an interface, due to thinness, it often plays a significant
role for adhesive strength. Similarly, as discussed in subsections 1.2.1 and 1.2.4, reactive
functional groups promote adhesive bond strength as well. (Wu, 1982, pp. 409, 420)
An interfacial layer was developed for both control and experimental sample groups
using amino-silanes. Control and experimental groups, distinguished by their surface
connections between the fabricated polymer and relative silane, form urea and hindered
urea bonds respectively.
The silane used for control specimens is shown in figure 1.8 below:

F IGURE 1.8: Control Group Silane (Arkles, 2014, p. 34)

Vapor phase deposition was utilized when applying this silane to the control group of
specimens. The experimental setup is shown below in figure 1.9:
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F IGURE 1.9: Vapor Phase Deposition Setup

Vapor phase deposition favors monolayer deposition, where three-dimensional transport properties (plume expansion) govern the application method; a liquid-gas phase
transition of said silane is conditionally forced, causing the desiccator interior and any
items within to be coated. The setup shown in figure 1.9 is capable of maintaining vapor pressures of ∼10 torr inside the desiccator. Due to the fact that silanes applied with
vapor pressures >5 torr at 100◦ C have achieved the greatest number of commercial applications, the hot plate shown in figure 1.9 was held at 100◦ C for the application of the
silane shown in figure 1.8. Principally, amine functional silanes deposit rapidly (within
30 minutes) without a catalyst. (Arkles, 2014, p. 22)
The schematic below [fig. 1.10] shows iterative stages associated with the creation of
control specimens utilizing the silane introduced in figure 1.8. Note that the processes
shown in stage C were formulated with help from Sharmin and Zafar, 2012 (p. 9).
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(A)

(B)

(C)

F IGURE 1.10: Surface Reaction Scheme for Control Specimens (Stages AC)

The silane that was used for experimental specimens is as follows [fig. 1.11]. This silane
was selected because it contains a hindered amine containing a tertiary butyl group
shown to exhibit thermoreversibility at moderate temperatures (Bruce and Lewis, 2017;
Ying, Zhang, and Cheng, 2014; Zhang et al., 2016).
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F IGURE 1.11: Experimental Group Silane (Arkles, 2014, p. 37)

In order to apply this silane to the experimental group of specimens, deposition from an
aqueous alcohol solution was required. A Fischer–Speier esterification reaction occurs
when creating the aqueous alcohol solution, while hydrolysis and silanol formation act
to finalize the readiness of the solution for surface coating.

F IGURE 1.12: Deposition from Aqueous Alcohol Solution Setup

The schematic below [fig. 1.13] shows iterative stages associated with the creation of
experimental specimens utilizing the silane introduced in figure 1.11. Note that the
processes shown in stage C were formulated with help from Ying, Zhang, and Cheng,
2014.
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(A)

(B)

(C)

F IGURE 1.13: Surface Reaction Scheme for Experimental Specimens
(Stages A-C)

The procedures used for silane application in both the vapor phase and deposition from
aqueous alcohol solution can be found in section A.4 of appendix A.
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Polymer Fabrication for Silane Surface Connection

Experimental work began with determining how to alter the previously used chemistry (Bruce and Lewis, 2017) to create a polymer that yielded itself well to the selected
mechanical testing method for both control and experimental sample types. As the
completed mechanical testing procedure was ad hoc following ASTM D903 (shown in
Appendix A), this meant a very flexible polymer was required (180◦ range).
Normally, hindered urea bonds form at junctions of a bulk crosslinked network containing urethane bonds. In this case the thin-film yttrium surface, which inherently contains
free hydroxyl (-OH) groups, was treated with a silane in order to create a reactive interfacial layer between surface hydroxyls and isocyanate (-NCO) groups. Isocyanate
groups preferentially bond with a tertiary butyl amino functional group to form HUBs
for the typical self-healing polymer formulation; this is why the reformulated polymer
was "over-stoiched" with isocyanate groups. Extra isocyanate groups in bulk materials
act to form HUBs with the silane applied to the thin film [fig. 1.13]. Moreover, the silane
used for control specimens forms urea bonds with these isocyanate groups [fig. 1.10].

F IGURE 1.14: Idealized reaction scheme showing reaction of isocyanate
and amine to form a urea bond (adapted from Sharmin and Zafar, 2012,
p. 9)

In order to fabricate an appropriate polymer, the usual constituents were altered. The
reformulation included KKAT, HMDI, TEA, and TEG to start. Particularly, the removal
of TBEU for this formulation allows HUBs to form at the silane interface between the
thin film and the polymer. The total ratio of isocyanate groups to -OH and -NH groups
was ∼1.2 for initial reformulations; this yielded a polymer with too much rigidity for ad
hoc ASTM D903 testing. In order to fix this, TEG was swapped for PEG, a material with
approximately double the molecular weight. Intuitively, longer material chains resulted
in increased polymer flexibility.

( A ) TEA

( C ) TEG

( B ) PEG

( D ) HMDI

F IGURE 1.15: Bulk Constituent Materials Utilized for Polymer Synthesis
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PEG has a variable molecular weight of 380-400 g/mol , which affected the ability to precisely control how "over-stoiched" with isocyanate groups the final polymer was. After
five iterations of polymer synthesis, a formulation with sought after characteristics was
achieved. Preparations and procedures can be found in section A.1 of appendix A.

(A) 1

(B) 2

(D) 4

(C) 3

(E) 5

F IGURE 1.16: Fabrication of Reformulated Self-healing Polymer (Iterations 1-5)

Reformulations one and two had ratios of 1.2 : 1 for total isocyanate groups to -OH
and -NH groups [iter. 1, 2, fig. 1.16] while the third had a ratio of 1.19 : 1 [iter. 3,
fig. 1.16]; note that the main differences between these reformulations were the order
of constituent material addition. The fourth iteration, where signs of polymer flexibility
became significant, had a ratio of 1.05 : 1 for total isocyanate groups to -OH and -NH
groups [iter. 4, fig. 1.16]. The final reformulation utilized the same ratio (1.05 : 1),
however, TEG was swapped for PEG [iter. 5, fig. 1.16].

1.2.5

Fixture & Mold Fabrication for Mechanical Testing

As mentioned above, ad hoc mechanical testing following ASTM D903 standards was
completed on the final specimen set. The fabricated fixture was designed to deliver a
20% squeeze to the corresponding polymer, as this is common for a solid o-ring squeeze.
The fixture, assembled with three parts, is shown in figure 1.17 below:
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(A)

(B)

(C)

(D)

F IGURE 1.17: Mechanical Testing Fixture

OOMOO 30 tin cure silicone rubber compound was used to fabricate the molds for final
specimens. Any given specimen begins with a 6061 aluminum substrate (0.5" x 0.0625"
x 4") which, after EBPVD, is coated with a thin film of yttrium. This coated substrate is
placed in the cavity of the corresponding silicone rubber mold [fig. 1.18] in preparation
for polymer casting during specimen creation.
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(A) 1

(B) 2

(C) 3

( D ) 4 (with substrate inserted)

F IGURE 1.18: Silicone Rubber Mold (Iterations 1-4)

As shown, fabricating an appropriate caliber mold took a few iterations. Notice also
that the number and size of air pockets is reduced in every iteration. The composite
fixture that was used to fabricate these molds is shown in figure 1.19 below:
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( A ) PLA Cavity

( B ) Aluminum Specimen Mold

( C ) Assembly

F IGURE 1.19: Silicone Rubber Mold Fixture for Final Specimens

This consists of a PLA base cavity and aluminum piece (holding the dimensions of final
specimens, [for details see fig. B.4]) which is screwed in for ease of mold release after
silicone rubber setting.

1.2.6
1.2.6.1

Specimen Creation
Thin-film Yttrium Fabrication

The first round of EBPVD was completed in RIT’s SMFL utilizing the CHA Electron
Beam Evaporator in January 2020. Shown below [fig. 1.20] is the CHA Electron Beam
Evaporator used for material evaporation.
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(B)

F IGURE 1.20: CHA Electron Beam Evaporator

F IGURE 1.21: Interior of CHA Evaporator (circled in red, molybdenum
crucible with raw yttrium)
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Boxed in red [fig. 1.20 (B)], there are three (two are shown) planetary drive sample
holders which ensure uniform material deposition. The configurations of aluminum
substrates contained within one of the three sample holders is shown below.

( A ) 1st iteration

( B ) 2nd iteration

( C ) 3rd iteration

F IGURE 1.22: Substrate Configurations for CHA E-beam Evaporator

A molybdenum crucible was used to hold raw materials (yttrium) during evaporation.
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( B ) with yttrium

( C ) after use

F IGURE 1.23: Molybdenum Crucible

Notably, once the tool [fig. 1.20] has specimens and crucible/material loaded, it approaches low pressures with a roughing vacuum pump (to the milli-torr range), then
switches to a hi-vac system capable of bringing the chamber into the ranges shown for
evaporation. Tool parameters for the first iteration of evaporation were as follows:
• Pressure: 4−7 — 2−6 torr
• Deposition rate: ∼ 1 Å/s
• Emission current (through tungsten filament): 50 — 150 milliamps
for the second
• Pressure: 5.4−7 — 6.2−7 torr
• Deposition rate: 3 — 3.7 Å/s
• Emission current (through tungsten filament): 175 milliamps
and for the third
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• Pressure: 5.6−7 — 6.4−7 torr
• Deposition rate: 1.5 — 4 Å/s
• Emission current (through tungsten filament): 300 milliamps
For the first round of evaporation, the tool stated ∼ 1250Å final film thickness, but when
checked by profilometer film thickness was stated as 983Å [fig. B.1, appendix B]. This
film thickness explains the yellow hue shown by the yttrium specimens in figure 1.25.
A thinner film will display an orange oxide layer while a thicker film will display a blue
oxide layer. The tool stated ∼ 7540Å final film thickness for the second round of evaporation. This was not confirmed by profilometer as no preparations were made for such
a measurement (this was possible for the first and third iterations due to a taped glass
slide that was included during evaporation, boxed in red [fig. 1.22 (A, C)]). Notably, one
of the twelve substrates included for the second iteration fell during evaporation, so the
yield was eleven specimens. A thickness of ∼ 7500Å was stated by the tool for the third
round of evaporation; the profilometer measurement stated 7016Å [fig. B.2, appendix
B]. The deposition rate was erratic for the third round of evaporation. Upon removing
specimens and crucible from the CHA Evaporator, it became apparent that the crucible
had been melted through.

(A)

(B)

F IGURE 1.24: Melted Molybdenum Crucible

As a result of the deposition rate fluctuations, Sean (process engineer) and I were not
sure when the melting occurred; however, rate fluctuations became especially noticeable
when the tool stated ∼ 6200Å film thickness.
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( A ) 1st Iteration

( B ) 1st Iteration

( C ) 2nd Iteration

( D ) 2nd Iteration

( E ) 3rd Iteration

( F ) 3rd Iteration

F IGURE 1.25: Thin-film Yttrium Specimens (Iterations 1-3)
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When the vacuum chamber returns to atmospheric conditions, a 20-30Å oxide layer
forms on the surface of the film. The thickness of the oxide layer depends on the thickness of the film, as alluded to above. The layer by layer composition of a generic oxidecovered metal is shown below:

F IGURE 1.26: Schematic diagram of the various layers of an oxidecovered metal (Wightman, 1998, p. 550)

In order to reduce the thickness of the carbon contamination layer, ultrasonic cleaning
or argon plasma treatments are often employed. Breaking down the schematic, a metal
oxide film surface of thickness d contains (Wightman, 1998):
• Outermost layer of chemisorbed water (t H2 O ): water vapor adsorbs by forming an
H-bonded network on the hydroxylated surface
• Hydroxylated region of depth thydrox
• Innermost portion of the metal oxide film of depth (tmo )
• Oxide film is covered with an overlayer of adsorbed organic material (tc ): referred
to as carbon contamination
ATR-FTIR analysis was completed to verify free surface hydroxyl (-OH) groups on the
thin film, and discussed in Chapter 2 (2.2.1). ATR-FTIR analysis exhibits a medium,
sharp peak at characteristic absorptions from 3584cm−1 to 3700cm−1 for free -OH stretching and a strong, broad peak at characteristic absorptions from 2500cm−1 to 3550cm−1
for intermolecularly bonded -OH stretching. (Dr. Craig A. Merlic, 2000a; Dr. Craig
A. Merlic, 2000b; Sigma, 2020)
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F IGURE 1.27: Properties of common FTIR spectroscopy crystals (Optics,
2011, p. 3)

As shown in figure 1.27, a Ge crystal is required for these spectral regions; it is also
required given its shallow penetration depth of 6500Å (0.65µm). It was deduced that
film thickness of specimens from the first round of evaporation were insufficient for
proper ATR-FTIR analysis, being 983Å (0.0983µm), where IR penetration is typically
between 0.5µm and 3µm (Optics, 2011, p. 2).
1.2.6.2

Silane Application and Self-heal Synthesis

Note that all preparations and procedures regarding the application of silanes used can
be found in section A.4 of appendix A.
Vapor phase deposition of SIA0611.0 [fig. 1.8] was completed on five thin-film yttrium
specimens from the second iteration of evaporation [fig. 1.25]. Dow Corning high vacuum grease was applied to the desiccator lid and line port. The hot plate was maintained at 100◦ C for ∼ 16 hours; the applied pressure took ∼ 6 hours to reach 19.5 torr
from atmospheric pressure, at which point the vacuum pump/controller were turned
off and air lines were closed. Although amine functional silanes are slated to deposit
rapidly, conditions were held as described to ensure monolayer deposition. Synthesis
of the self-healing polymer described in 1.2.4 was completed following vapor phase deposition. With a large batch size of 21.493 mL? , the polymer solution was quickly cast
into silicone molds and bulk material samples. Specimen thickness was approximated
by eye using the mold cavity walls. Significant losses occurred during transfer into the
vacuum oven.
?

Not including KKAT
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( A ) Synthesis Setup

( B ) Silicone Molds with Cast Polymer

F IGURE 1.28: Creation of Control Specimens

All five specimens were left to cure for ∼ 40 hours.
Due to the losses incurred during transfer from the casting tray to vacuum oven, the
first set of specimens acted to expose processing issues.
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(A)

(B)

(C)

(D)

(E)

F IGURE 1.29: Cured Control Specimens (1st Attempt)
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Application of SIB1932.3 [fig. 1.11] was completed on five thin-film yttrium specimens
from the second iteration of evaporation [fig. 1.25]. Particularly, a test run was completed for a single specimen followed by the remaining four the following day. Specimens were left at room temperature (<60% rel. humidity) for 24 hours to cure.

F IGURE 1.30: Specimen Curing after SIB1932.3 Application

Following the allotted time for curing, synthesis was completed as described in 1.2.4
with a batch size of 22.091 mL? . Casting was completed on a zeroed gravimetric scale
where the mass per mold was calculated based on batch size. This yielded more precise and consistent specimen thickness. The experimental setup is shown in figure 1.31
below.

( A ) Synthesis Setup

( B ) Silicone Molds with Cast
Polymer

F IGURE 1.31: Creation of Experimental Specimens
?

Not including KKAT
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Once again specimens were left to cure, this time for ∼ 48 hours.

(A)

(B)

F IGURE 1.32: Cured Experimental Specimens (1st Attempt)

Due to the screw holes in each mold [fig. 1.19], considerable leaking of the polymer
occurred after casting [fig. 1.31 (B), 1.32 (A)]. These holes were filled (as circled in red
below) in order to prevent further losses during specimen creation.

F IGURE 1.33: Hole Filling of Silicone Rubber Molds
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Process Improvements

Due to the losses incurred during these final specimen creation attempts, a more reliable fabrication method was revisited. Determining how to posit characteristically
useful properties in final specimens (e.g. uniform thickness, good polymer properties,
structurally sound interface) was required before moving into final specimen creation
again. Initially, a round of five dummy specimens were created with differing layouts:

F IGURE 1.34: Dummy Specimen Fabrication (1st Iteration)

1. aluminum sheet metal (0.5 x 8 x 0.0625") placed on top of cast polymer; tab of blue
masking tape wrapped at interface; double-sided tape on bottom side of substrate
2. silicone rubber mold placed sideways on top of cast polymer
3. aluminum sheet metal (0.5 x 8 x 0.0625") placed on top of cast polymer with circle
magnets on both ends and center (top and bottom) to increase pressure; doublesided tape on bottom side of substrate
4. blue masking tape "boat" wrapped, adhesive side facing inwards in contact with
cast polymer
5. tab of blue masking tape wrapped at interface, left open (no extra surface pressure)
The corresponding results were as follows:
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(A) 1

(B) 2

(C) 3

(D) 4

(E) 5

F IGURE 1.35: Dummy Specimen Fabrication (1st Iteration, Post Cure)

1. sandwiched and adhered so much that there was difficulty separating cast polymer from aluminum sheet metal; good polymer quality
2. good polymer quality, however, imprint was lopsided
3. sandwiched and adhered so much that there was difficulty separating cast polymer from aluminum sheet metal
4. poor polymer quality, however, well contained for consistent specimen thickness
5. less reactive between non-adhesive side of blue masking tape and cast polymer at
interface
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These results were taken into consideration for the second round of dummy specimen
fabrication. This time, two specimens were created, also with differing layouts:

F IGURE 1.36: Dummy Specimen Fabrication (2nd Iteration)

1. silicone rubber coating at central mold interface; strip of blue masking tape, adhesive side facing inwards in contact with cast polymer; far side of substrate submerged in vacuum grease
2. silicone rubber coating at central mold interface; clear mailing & storage tape
"boat" wrapped, adhesive side facing inwards in contact with cast polymer
The corresponding results are as follows:

F IGURE 1.37: Dummy Specimen Fabrication (2nd Iteration, Post Cure)

1. self-heal avoided silicone rubber interface; self-heal avoided vacuum grease (no
adherence), however, could also be due to polymer curing on a slight angle
2. poor polymer quality at interface and throughout
It is suspected that an extra set of degas under vacuum before curing resulted in more
surface bubbles. Due to this, for the third set of dummy specimens degas was completed
once as compared to the usual (twice).
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F IGURE 1.38: Dummy Specimen Fabrication (3rd Iteration)

1. blue masking tape "boat" wrapped, nonadhesive side facing inwards in contact
with cast polymer
2. strip of clear mailing & storage tape, nonadhesive side facing inwards in contact
with cast polymer; vacuum grease underneath central interface and far side of
substrate
The corresponding results were as follows:

(A) 1

(B) 2

F IGURE 1.39: Dummy Specimen Fabrication (3rd Iteration, Post Cure)

1. poor polymer quality (waxy, chalky); thinner at free tip, however, overall consistent material thickness; no seepage
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2. poor polymer quality (waxy, chalky, and bubbly); consistent material thickness;
no seepage
In order to ensure that poor polymer quality was due to reactivity with the unaltered
aluminum substrate, a single glass slide with mylar tape on one end, clear mailing &
storage tape on the other end, and free in the middle was cast onto. At this point, issues
with polymer strength at the interface between substrate and mold were conjectured
as thermal effects. Theoretically, heat supplied by polymer curing caused a temperature difference at the interface between substrate and mold materials, resulting in the
development of a weak spot.

F IGURE 1.40: Dummy Specimen Fabrication (4th Iteration)

Again, the resulting polymer was poor quality per similar characteristics as previous
failures.

(A)

(B)

F IGURE 1.41: Dummy Specimen Fabrication (4th Iteration, Post Cure)
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Although there were similarities in failed specimens up to this point, phase separation was an important distinction for the dummy specimen shown in figures 1.40 and
1.41. Phase induced polymerization separation, stemming from insolubility issues, often causes the milkiness shown by cured dummy specimens. Insolubility of PEG could
have been caused by exposure to water during synthesis or curing. ATR-FTIR measurements of the upper and lower layers of the cured specimen from figure 1.41 acted
to confirm phase separation. The upper layer showed distinct and significant traces of
PEG while the bottom layer did not; this is shown in figure B.5 of appendix B.
One more attempt, addressing the suspected thermal interface effects, at fabricating a
test specimen was completed. Mylar tape was extended from past one side of the mold
over the interface between glass slides contained in a red silicone rubber strip. Note that
the cast material was 1/16" thick.

F IGURE 1.42: Dummy Specimen Fabrication (5th Iteration)

Unfortunately, the cured polymer exhibited poor characteristics.

(A)

(B)

F IGURE 1.43: Dummy Specimen Fabrication (5th Iteration, Post Cure)

Moving forward, a set of experiments were completed to ensure that the polymer formulation was not the root cause of poor batch quality. Investigations began by returning
to the same formulation and process followed for the specimen shown in figure 1.16 (5).
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F IGURE 1.44: Return to Previously Successful Formulation (see fig. 1.16
(5)), 1st Iteration

Resulting specimens were poor quality.

(A)

(B)

F IGURE 1.45: Return to Previously Successful Formulation (see fig. 1.16
(5)), 1st Iteration Post Cure

To remove any water content from the PEG being utilized, a portion was transferred
over molecular sieves. 4A molecular sieves were activated in a 100mL round-bottom
flask (oven at 300◦ C for 3.5hrs) followed by approximately 50mL PEG addition. This
was left stirring overnight; the following morning sieves had increased in size and the
solution was translucent.
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F IGURE 1.46: PEG/4A Molecular Sieves Solution

The stir bar was removed after which the solution was stored under (dried) nitrogen for
use later.
Another round of polymer synthesis was completed which mirrored procedures followed by the previously successful fifth iteration [fig. 1.16]. KKAT concentration was
increased from 0.07% to 0.075%, the polymer was left under vacuum for ∼3min after
casting (this step had been forgotten for the previously failed batch [fig. 1.45]), and a
new drying stick was used.

F IGURE 1.47: Return to Previously Successful Formulation (see fig. 1.16
(5)), 2nd Iteration

Results were still poor:
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(A)

(B)

F IGURE 1.48: Return to Previously Successful Formulation (see fig. 1.16
(5)), 2nd Iteration Post Cure

Following this batch, synthesis was completed with dried PEG (over sieves) and the
addition of KKAT last (as compared to first for previous batches). All other factors
remained unchanged from the successful iteration five [fig. 1.16].

F IGURE 1.49: Return to Previously Successful Formulation (see fig. 1.16
(5)), 3rd Iteration

The resulting polymer exhibited poor characteristics (very bubbly/foamy, cracks upon
bending, cloudy):
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(A)

(B)

F IGURE 1.50: Return to Previously Successful Formulation (see fig. 1.16
(5)), 3rd Iteration Post Cure

In another route of investigation, five self-heal formulations were synthesized with
0.09%, 0.11%, 0.13%, 0.17%, and 0.34% KKAT (all other constituent quantities unchanged).
Glassware and stir bars were cleaned with acetone and heated at 101◦ C for 30 minutes
before allowing cooling, followed by synthesis and two degas cycles to -25inHg; scintillation vials containing the polymer were sealed and left to cure. Note that during
synthesis for this experiment, the solution was left open in the hood. This is anomalous
to the usual procedure, completed with flowing nitrogen (dried) in a round-bottom flask
sealed with septum [see sec. A.1].
TABLE 1.3: % KKAT Varying Experiment Results

% KKAT

Approximate time to cure (no flow)

0.09
0.11
0.13
0.17
0.34

4.5hr
4.25hr
3.5hr
3.15hr
2.5hr

Notably, increasing % KKAT increased the haziness of the cured polymer.
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F IGURE 1.51: Cured Materials from Varying KKAT Experiment

Interestingly, all five of these mini batches yielded a polymer with desirable characteristics while increasing % KKAT reduced surface stickiness and lessened elongation before
break of the cured polymer.
Due to the success of batches completed for the varying % KKAT experiment, another
round was fabricated to test material reactivity with silicone rubber molds [fig. 1.18]
and mylar tape. The samples mirroring the varying KKAT experiment included a 0.09%
and 0.17% batch, each split (approximately) in half; one half remained in the scintillation
vial used during synthesis (control) and the other half was poured into silicone rubber
molds. Note that the 0.09% batch was cast into the silicone mold that had been prepared
with mylar tape, and the 0.17% batch was cast into an unaltered silicone mold.

( A ) 0.09% KKAT ∼2hr
after casting

( B ) 0.17% KKAT ∼2hr
after casting

F IGURE 1.52: Polymer Reactivity Study, 1st Iteration
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( B ) 0.17% KKAT cured

( C ) 0.09% KKAT cured (control)

( D ) 0.17% KKAT cured (control)

F IGURE 1.53: Polymer Reactivity Study, 1st Iteration Post Cure

This experiment provided evidence that the polymer was reacting poorly with mylar
(cloudy, waxy/chalky, inflexible) and semi-poorly with silicone (bubbly, semi-pliable,
some elongation before break), as the portion left in scintillation vials maintained desirable characteristics (no bubbles, pliable, significant elongation before break). The
relative haziness of each batch was also worth noting:

F IGURE 1.54: Difference in Haziness of Cured 0.09% & 0.17% KKAT
Polymers
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Following this iteration, a continuation of the reactivity study using the 0.09% polymer
formulation was completed. The following were tested:
1. teflon sheet
2. rain x coated silicone rubber mold
3. rain x coated glass slide
4. black rubber strip
5. unaltered glass
6. red silicone rubber strip

F IGURE 1.55: Polymer Reactivity Study, 2nd Iteration

F IGURE 1.56: Polymer Reactivity Study, 2nd Iteration Post Cure

Given poor results of these samples, a different set was fabricated, again using the 0.09%
polymer formulation:
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1. PTFE, ETFE films (0.001" thick)
2. PTFE, ETFE films placed in silicone rubber molds
3. stainless steel
4. unaltered glass slide
5. full transfer from scintillation vial to crystallization dish
6. full transfer from scintillation vial to scintillation vial
7. silicone rubber mold left in desiccator with indicating drierite
8. silicone rubber mold left in vacuum oven
The prepared desiccator for sample (7) is shown below:

( A ) desiccator

(B)
desiccant

F IGURE 1.57: Polymer Reactivity Study, Prepared Desiccator

Note that (1-5) were left curing open to ambient conditions in the hood, along with the
scintillation vials used for material mixing. Full transfer from scintillation vial to scintillation vial (6) was closed and left to cure in the hood after transfer; this was completed
to ensure that issues could not be attributed to material transfer during casting. The

Chapter 1. Introduction & Background

44

unaltered glass slide (4) was retried due to seepage during the second iteration of the
polymer reactivity study [fig. 1.55].

(A)

( B ) ss

( C ) silicone
mold left in
desiccator

( D ) silicone
mold left in
vacuum
oven

F IGURE 1.58: Polymer Reactivity Study, 3rd Iteration
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Note that sample (6) is not shown, however, the high quality of cured sample (6) provided evidence that material transfer was not the root cause of poor polymer quality.
Interestingly, (1, 2, 4 & 5) showed poor reactivity just two hours after casting.

(A)

( B ) ss

( C ) full transfer
to crystallization
dish

F IGURE 1.59: Polymer Reactivity Study, 3rd Iteration (2 hours after
casting)
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(A)

( B ) ss

( D ) silicone rubber
mold cured in
vacuum oven

( C ) full cast to
crystallization
dish

( E ) silicone rubber
mold cured in
vacuum oven

F IGURE 1.60: Polymer Reactivity Study, 3rd Iteration Post Cure
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As stated earlier, the typical procedure for sample preparation involved cleaning with
acetone and 30 minutes at 101◦ C prior to synthesis/material casting. Following this
sample preparation procedure, results from (7) were promising as the cast material had
very few bubbles and high quality (pliable, significant elongation before break).

( A ) silicone rubber
mold, cured in
desiccator

( B ) silicone rubber
mold, cured in
desiccator

F IGURE 1.61: Polymer Reactivity Study, 3rd Iteration Post Cure (sample
7)

All other results from this round of testing helped to explain the phenomena behind fabricating high quality specimens. Progress pointed towards polymer sensitivity to any
amount of water in the surrounding environment during curing; the materials tested
also ranged from high to low reactive with the polymer during curing. When these
effects were confounded, the resulting polymer exhibited poor characteristics. For example, allowing polymer curing (open to environment) in the hood after casting into a
silicone rubber mold resulted in a low quality polymer [figs. 1.52, 1.53]. Moreover, similar results were seen when material cast into a silicone rubber mold cured in a vacuum
oven [fig. 1.60]. However, allowing the polymer to cure (after casting into a silicone rubber mold) in the desiccator resulted in a high quality polymer. This provides evidence
that reactivity with surroundings are more significant than the mold being cast into.
In order to maintain consistency with previously completed reactivity tests, one more
set of specimens was created to corroborate the resulting claims stated above. Two
silicone rubber molds were soaked continuously for two hours, one in methanol and
the other in acetone. Subsequently, these molds were placed in an oven for 24 hours at
105◦ C. Note that a normally prepared silicone rubber mold was also placed in the oven
with these samples to act as an experimental control.
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( A ) curing

( B ) 2hr
after
casting

( C ) cured

F IGURE 1.62: Polymer Reactivity Study, 4th Iteration

Although previous experiments suggested that reactivity with the surrounding environment was more significant than the material being cast onto, this experiment acted
to support this claim. In retrospect, allowing the polymer to cure in an environment that
actively removes water from its surroundings is a fundamental processing step that was
overlooked. This is often the case for environmentally sensitive processes.
The experiment described above was performed while beginning to optimize the success shown by sample (7) of the third iteration of the reactivity study [fig. 1.61]. The
differences in batch preparation included a 0.08% KKAT polymer formulation and an
initial three minute degas cycle, followed by degas to -25inHg and casting. Notably,
a Rubbermaid Brilliance leak-proof food storage container, capable of holding entire
specimens, was made into a desiccator.

F IGURE 1.63: Polymer Optimization
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These alterations produced a cured polymer that exhibited more desirable characteristics for mechanical testing when compared to that shown previously [fig. 1.61]:

(A)

(B)

F IGURE 1.64: Polymer Optimization (cured)

To further prepare for fabrication of final specimens, another experiment was completed. Due to the failure of initial attempts at final specimen creation [figs. 1.29, 1.32], a
residual layer of the self-healing polymer remained after curing. As attempting to heat
off or use a solvent to remove this residual layer risked damaging the underlying functionalized thin film, a different approach was required. A polyurethane-urea was shown
to exhibit excellent self-healing capabilities at relatively low temperatures (37◦ C) (Bruce and
Lewis, 2017, p. 934). Due to this characteristic, the experiment involved casting the previously successful 0.08% KKAT formulation [fig. 1.64] and allowing it to cure at 37◦ C
for 12 hours. This experiment acted to verify/reveal any issues with low temperature
curing. The resulting cured polymer is as shown:

(A)

(B)

(C)

F IGURE 1.65: Low Temperature Cured Polymer (37◦ C, 12hr)

The cured polymer exhibited good quality; there was no surface tackiness and high
material pliability. Maintaining elevated temperatures while curing acts to speed up
the curing process. This was completed when casting onto previously failed specimens
[figs. 1.29, 1.32], as maintaining an elevated temperature acted to acclimate the already
cured self-heal to be more accepting of what is freshly cast on top.

50

Chapter 2

Discussion & Results
2.1

Discussion

How does silanol surface functionalization of thin-film yttrium affect peeling strength?
This overarching question expresses the goal of work completed, and comes with many
nuances. To begin, the fabrication process used for thin-film creation, as mentioned
and supported earlier [see eqn. 1.1], yielded aluminum substrates coated with yttrium
and an outermost oxide layer (Y2 O3 ). The oxide layer, which forms upon evaporation
tool [fig. 1.20] purge from vacuum, acted as the site for further surface connection.
Free hydroxyl groups were confirmed on the second and third iteration of thin-film
fabricated specimens, which were used for final specimen creation. The hydroxylated
region [see fig. 1.26] is reactive and apt to silane coupling agents, capable of forming
durable bonds between organic and inorganic materials. Encounters between dissimilar
materials often involve at least one member that’s siliceous or has surface chemistry with siliceous
properties... Interfaces involving such materials have become a dynamic area of chemistry in
which surfaces have been modified in order to generate desired heterogeneous environments or to
incorporate the bulk properties of different phases into a uniform composite structure (Arkles,
2014, p. 2). As shown below and specifically in figures 1.10 (B) & 1.13 (B), surface
hydroxyls react with a trialkoxysilane to form a durable surface bond, and in turn, an
interfacial layer with preferential reactive sites.

(A)

(B)

(C)

F IGURE 2.1: General Form & Reaction Scheme of Silane Coupling
Agents (Arkles, 2014, p. 2)

Given other applications, the surface hydroxyl groups/contamination layer are a detriment; completed work acts to use these characteristics for system augmentation. The
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final result of reacting an organosilane with a substrate ranges from altering the wetting or
adhesion characteristics of the substrate, utilizing the substrate to catalyze chemical transformations at the heterogeneous interface, ordering the interfacial region, and modifying its partition
characteristics. Significantly, it includes the ability to effect a covalent bond between organic and
inorganic materials. (Arkles, 2014, p. 2)
Bond strength between the aluminum substrate and thin-film yttrium was high enough
to avoid any thin-film stripping from the inception of interfacial silanol surface connections through final specimen creation and testing. Furthermore, the interfacial silane
layer acted critically to attach the fabricated polymer with according control (urea) and
experimental (hindered urea) bonds. Due to the failures discussed in 1.2.6.2, a set of five
control/experimental specimens had a thin residual layer of the cured polymer on their
surfaces. Of the testing completed after healing reused experimental specimens [fig.
2.17], it was apparent that healing occurred between the detached polymer and its other
half, but not to the substrate surface. This points towards an interesting phenomenon
where intrinsic self-healing is preferential to bulk materials after disengaging from the
silane interface; following silanol-HUB moiety detachment, mobility of extended chains
supports reconciliation within bulk materials, however, the rate at which this occurs is
not specifically known (e.g. this could occur over the course of a few hours or more
extended periods). Another possibility is that due to an extended period sitting with
a residual layer of cured polymer, HUBs disassociated until being rekindled with the
freshly cast polymer during reused specimen fabrication. This reduced the number of
bond sites located at the interface itself. The discrepancy shown is due to inconsistencies
at the interface between the cured and recast polymers. Although there is compatibility
between the two, as can be imagined, curing from a continuously cast polymer corresponds to an elastomeric network with good interdiffusion; homogeneity is lost when
recasting on top of another layer of cured material.
Reaching a consistent fabrication method for final specimens required a few different
testing schemes. Once reached, the problems that arose along the way were all attributed to one primary reason. Contact with ambient air during curing was the root
cause of reactivity shown by the polymer. Specifically, if there is any water in contact
with the polymer, it will make its way to bond sites quickly due to its low molecular
weight (i.e. high mobility), resulting in the formation and release of CO2 bubbles. It is
obvious now that if all dummy/test specimens had been cured in a desiccator, results
would have been different; reactivity displayed by aluminum during dummy specimen creation was disproven by exposed aluminum at tips of two final experimental
specimens [fig. 2.19], which were cured in a desiccator. There would likely still be
more reactivity with some materials than others, but less reactivity overall. Along the
way, it was also conjectured that problems arose due to polymer handling (casting) after
synthesis, remnant material in molds, differences in surface area of cast material, compatibility issues due to extraction of the additives/quality of the silicone rubber itself,
phase separation due to insolubility issues, use of a spent dry tube, thermal effects at
the interface, or the polymer formulation itself. Although some of these suggestions
were correct (e.g. phase separation due to insolubility issues [see fig. 1.41]) or likely
played a minor role (e.g. spent dry tube) in causing the characteristics exhibited, once
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the root cause of poor polymer quality was addressed, other issues became insignificant. Given more time, polymer optimization would be revisited; simply returning to
a procedure analogous to that described in section A.1 and allowing the cast polymer
to cure in a desiccator would result in a higher quality specimen. Moreover, continuing to stir the solution while vacuum degassing is also a proven method for extracting
bubbles from the solution. Implementing these changes minimizes exposure to water
for the entirety of polymer synthesis while actively removing in-solution bubbles just
before casting. This supports the speculation that resulting polymer quality would be
higher than previously acquired.
One of the most critical requirements for fabricating successful final specimens was that
the internal bond strength (for the polymer itself) must be greater than the interfacial
bonding strength (between polymer and substrate surfaces). Due to the ASTM standard that was selected for mechanical testing, a brittle material was not feasible. Altering polymer stoichiometry to meet this standard (shown in appendix A) acted as
a double-edged sword. Increased polymer flexibility reduces internal bond strength;
this ultimately debarred performing a successful peel test. Although this resulted in
specimen failure prior to reaching the required stress for material peeling, it provides
evidence that thin-film and interfacial surface bonding is strong. However, great care must
be exercised to ascertain if an apparent interfacial failure is indeed a true interfacial failure, a cohesive failure in a thin layer close to the interface (but not at the interface), or a mixed interfacial
cohesive failure. When a fracture occurs within 100-1000Å of the interface, identification of the
true locus of failure can be quite difficult (Wu, 1982, p. 344). An ideal mechanical testing
data set and supporting diagram are shown below:

F IGURE 2.2: Diagram to Support Commonly Exhibited Failure Mode

F IGURE 2.3: Depiction of Ideal Mechanical Testing Results
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Resulting mechanical testing data curves do not follow the ideal representation shown
above due to a common failure mode. In reference to that depicted in 2.2, the internal
bonding strength of the polymer was less than the interfacial bonding strength between
substrate and polymer. Future work will act to perform comprehensive testing to determine the precise nature of this system of interconnected materials.

2.2
2.2.1

Results
Thin-film Characterization

As mentioned earlier, an ATR-FTIR analysis was completed on unaltered thin-film specimens as a verification that free surface hydroxyl (-OH) groups are present. A SHIMADZU IRTracer-100 tool was used with according QATR 10 single reflection ATR accessory. The resulting frequency-absorbance plots are shown below:

( A ) 2nd Iteration, fig. 1.25

( B ) 3rd Iteration, fig. 1.25

F IGURE 2.4: Characteristic Absorbances of Thin-film Yttrium

In order to achieve more preferred depiction of the spectra a baseline correction was
completed. This correction acts to align the data set with a common (zero) axis which,
in turn, highlights any outstanding features of the curve. Although raw data files cannot be extracted after completing this alteration, raw data is available from the unaltered
data set upon request. A spectral region with characteristic absorptions from 3584cm−1
to 3700cm−1 corroborates free -OH stretching with a medium, sharp peak. A spectral
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region with characteristic absorptions from 2500cm−1 to 3550cm−1 corroborates intermolecularly bonded -OH stretching with a strong, broad peak. Therefore, it is clear that
both surfaces contain free hydroxyl groups. (Dr. Craig A. Merlic, 2000a; Dr. Craig
A. Merlic, 2000b; Sigma, 2020)
The same analysis was also completed on surface functionalized thin films:

( A ) Control Specimen (functionalized with that shown in fig. 1.8)

( B ) Experimental Specimen (functionalized with that shown in fig. 1.11)

F IGURE 2.5: Characteristic Absorbances of Functionalized Thin-film
Yttrium

The flip of carbon dioxide stretching at 2349cm−1 (Sigma, 2020) is due to environmental
sensitivity of the instrument (e.g. breathing near the ATR accessory during background
scanning). It is worth noting that distinct traces of the silane used for control specimens
[fig. 1.8] were detected with ATR-FTIR analysis. This data, which includes the "fingerprint region" of frequencies (< 2000cm−1 ), is shown in figure B.6 of appendix B. Data
was also collected for experimental specimens, however, reference data could not be
found to confirm the silane used [fig.1.11].
A surface wetting / contact angle measurement was completed for a random specimen
from the second and third iterations of EBPVD [fig. 1.25], as well as the substrate (Al).
With calculations based on the measured contact angle, solid surface tension acts to
quantify the wetting characteristics of a solid material. As described by Thomas Young,
the mechanical equilibrium as defined by the contact angle of a liquid drop on an ideal
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solid surface lies with the relation of three interfacial tensions (Springer, 2013, pp. 3-5):
γlv cosθY = γsv − γsl

(2.1)

where γlv , γsv , and γsl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, respectively. θY represents the static/equilibrium contact angle. Typically,
θY of a sessile drop is measured visually by telescope-goniometer, yielding an accuracy
of ±2◦ . Ideally, measurements should be made in an enclosed chamber to avoid airborne contamination and establish an equilibrium vapor pressure of the liquid tested.
(Springer, 2013, p. 8) Notably, the observation of static/equilibrium contact angle of
liquid on solid acts as a starting point for investigating solid surface tension. As shown
in equation 2.1, only θY and γlv are measurable quantities. Equation 2.1 implies a standalone contact angle as γlv , γsv , and γsl are thermodynamic properties of the liquid and
solid interfaces. However, there are complexities with contact angle phenomena. For
example, the contact angle of an advancing liquid (θ a ) and that of a receding liquid (θr )
are not equal. Nearly all solid surfaces exhibit contact angle hysteresis, H (Kwok and
Neumann, 2003, pp. 118-119):
H = θ a − θr
(2.2)
This hysteresis can be due to roughness and/or heterogeneity of a solid surface. With
this, interpreting such angles in terms of equation 2.1 would lead to erroneous results
as the contact angle would reflect surface topography, rather than exclusively surface
energetics. Although Neumann and co-workers measured the contact angle of a large
number of liquids on solid surfaces, acquiring a relation between γlv and γlv cosθ, many
experimentally accessible contact angles are not equal to Young’s contact angle (θY ).
This is due to reasons given by Kwok and Neumann, 2003 (p. 119):
1. On ideal solid surfaces, there is no contact angle hysteresis and the experimentally
observed contact angle is equal to θY .
2. On smooth, but chemically heterogeneous solid surfaces, the experimentally observed θ is not necessarily equal to the thermodynamic equilibrium angle. Nevertheless, the experimental advancing contact angle θ a can be expected to be a good
approximation of θY . This has been illustrated using a model of a vertical surface
consisting of heterogeneous and smooth strips. Therefore, care must be exercised
to ensure that the experimental apparent contact angle θ is the advancing contact
angle in order to be inserted into the Young equation. While the receding contact
angle on a heterogeneous and smooth surface can also be a Young angle, it is usually found to be non-reproducible because of sorption of the liquid into the solid
and swelling of the solid by the liquid.
3. On rough solid surfaces, no such equality between θ a and θY exists: all contact
angles on rough surfaces are meaningless in terms of Young’s equation.
Many experimentally accessible contact angles are therefore meaningless when interpreting surface tension with equation 2.1. (Springer, 2013, p. 18) Unfortunately, there
are no general guidelines to answer the question of how smooth a solid surface must be
for roughness not to have an effect on contact angle. Assumptions of commonly used
contact angle approaches from Kwok and Neumann, 2003, p. 120 are as follows:
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1. All approaches rely on the validity and applicability of Young’s equation for surface energetics from experimental contact angles.
2. Pure liquids are always used; surfactant solutions or mixtures of liquids should
not be used, since they would introduce complications due to preferential adsorption.
3. The values of γlv , γsv (and γsl ) are assumed to be constant during the experiment,
i.e., there should be no physical/chemical reaction between the solid and the liquid.
4. The surface tensions of the test liquids should be higher than the anticipated solid
surface tension.
5. The values of γsv in going from liquid to liquid are also assumed to be constant,
i.e., independent of the liquids used.
Contact angles from a conventional goniometer-sessile drop technique may produce contact angles which do not fulfill the basic assumptions made in all surface energetic approaches (Kwok
and Neumann, 2003, p. 137). Due to the rudimentary nature of static contact angles
measured by the accessible goniometer, characterizing the solid surface tension of yttrium specimens was inaccessible. A more appropriate method would include AFM
(atomic force microscopy) or ESEM (environmental scanning electron microscopy) techniques for imaging ultrasmall droplets and subsequent analysis (Springer, 2013, p. 28).
However, the degree of wettability can be determined by simple comparisons of goniometer measured angles between substrate (Al) and thin film (Y2 O3 ).

F IGURE 2.6: Surface being characterized by contact angle technique
(Arkles, 2011, p. 4)

The merit of this comparison lies with the hydrophilic or hydrophobic nature of the
surface. In terms of energetics, the essential characteristic of hydrophilic surfaces is
that the forces associated with the interaction of water with the surface are greater than the
cohesive forces associated with bulk liquid water (Arkles, 2011, p. 4). Therefore, the essential
characteristic of hydrophobic surfaces is a relation directly opposite to that of hydrophilic
surfaces (interaction forces of water with the surface < cohesive forces of bulk liquid
water). The relativity of these terms is quantifiable by a measured contact angle:
• Hydrophilic designation: measured contact angle < 30◦
• Hydrophobic designation: measured contact angle > 90◦
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In particular, a measured contact angle < 10◦ justifies "superhydrophilic" designation.
This is of course ensuring the surface is not absorbing, dissolving, or reacting with water. (Arkles, 2011, p. 4)
Contact angle measurements were taken with a ramé-hart contact angle goniometer and
according DROPimage software. Results are as follows:
TABLE 2.1: Measured Contact Angles

Material
aluminum
thin-film yttrium (2nd iteration, fig. 1.25)
thin-film yttrium (3rd iteration, fig. 1.25)

Contact Angle
74.1◦
65.9◦
72.0◦

The differences exhibited by these materials is attributed to their relative wetting characteristics. The increase in contact angle from second to third iterations of film evaporation can be explained by the layer of molybdenum on the surface [see fig. 1.24] of the
third iteration. It is apparent that aluminum exhibits poorer wetting characteristics than
thin-film yttrium.

2.2.2

Mechanical Testing

The Instron 4400R Model 1122 SOP was utilized for tensile testing machine setup and
calibration. According to ASTM D903, testing must be performed for at least ten specimens for each adhesive. As discussed earlier [sec. 2.1] this standard was not met for
work completed, but is still within the scope of future work. Mechanical testing procedures can be found in section A.3 of appendix A.
2.2.2.1

Initial Testing

The proof of concept, revisiting final specimen creation, is shown in figure 2.7 below.
According preparations and procedures can be found in section A.2 of appendix A.

F IGURE 2.7: Proof of Concept for Final Specimen Creation, Cast Control
Specimen
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Note that this specimen was created using previously failed materials [figs. 1.29, 1.32].
As shown, four sewing needles were inserted through the side of the silicone mold in
order to hold the substrate in place during curing.

(A)

(B)

(C)

F IGURE 2.8: Proof of Concept for Final Specimen Creation, Cured
Control Specimen

The sewing needles worked very well to hold the substrate in place during curing; in
fact, these needles were set up in the polymer. Upon removal, the indentations that were
left created a place for stress concentrations which yielded crack propagation. During
mechanical testing, this specimen was stretched to failure initiated by a crack propagated from one of these locations.
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(B)

(C)

F IGURE 2.9: Proof of Concept for Final Specimen Creation, Mechanical
Testing

Boxed in red [fig. 2.9 (B)] are the indentations left by needle removal. The lower red
box [fig. 2.9 (C)] shows where the initial tear propagated, leading to the ultimate failure
location shown in the upper red box [fig. 2.9 (C)]. Ultimately, this failure occurred where
the interface between substrate and mold was during polymer curing. This specimen
acted as a proof of concept moving forward, corresponding data is as follows:
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F IGURE 2.10: Proof of Concept for Final Specimen Creation, Mechanical
Testing Plot

This curve corresponds to the section of polymer extension that builds up to a maximum
force before reaching an equilibrium peel force, as shown in figure 2.3.
Four more specimens (3x experimental, 1x control) were fabricated using the previously
failed materials [figs. 1.29, 1.32] to determine if a reinforcement material would be required for final mechanical testing.

( A ) Silicone Molds with Cast Polymer (2x experimental)

( B ) Silicone Molds with Cast Polymer (1x control, 1x experimental)

F IGURE 2.11: Final Specimen Creation (previously failed, curing)
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As shown, the according adjustment in sewing needle placement was made. Specimens
were left to cure at 37◦ C for 12 hours.

( A ) Silicone Molds with Cured Polymer (2x experimental)

( B ) Silicone Molds with Cured Polymer (1x control, 1x experimental)

F IGURE 2.12: Final Specimen Creation (previously failed, cured)

Of the mechanical tests completed, the second experimental specimen [fig. 2.12 (B)] that
was tested performed the best. All other specimens exhibited a similar failure mode as
that shown by the proof of concept [fig. 2.9]. Upon reflection, the peeling exhibited by
this specimen (E2(reused)) was a product of the air pocket that formed between substrate and material during curing:

F IGURE 2.13: E2(reused), Air Pocket

As boxed in red, this air pocket was likely the cause of this specimen’s anomalous success during mechanical testing. Note that double-sided tape was added to both top
and bottom (exposed) polymer surfaces to improve rigidity during testing. This was
based on previous failure without any reinforcement [fig. 2.9] and similar failures with
double-sided tape on only top or bottom polymer surfaces. Specifically, the specimen
labeled E1(reused) was only reinforced on top while the specimen labeled C1(reused)
was only reinforced on bottom.
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(B)

(C)

(D)

F IGURE 2.14: E2(reused), Mechanical Testing

The air pocket becomes noticeable as boxed in figure 2.14 (D). The slant line with arrows
on both sides underlines the advancing path of double-sided tape used for reinforcement of the specimen’s top side; this reinforcement acted to reveal the air pocket more
explicitly upon performing mechanical testing. Data from mechanical testing is shown
below [fig. 2.15]:
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F IGURE 2.15: E2(reused), Mechanical Testing Plot

Although mechanical testing results for this reused experimental specimen were shown
to be a false positive, the specimen was healed at 60◦ C for 12 hours and mechanical
testing was completed again.

( A ) before healing

( B ) after healing

( C ) prepared for mechanical testing

F IGURE 2.16: E2(reused), Self-healing
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(B)

(C)

(D)

F IGURE 2.17: E2(reused), Healed Mechanical Testing

F IGURE 2.18: E2(reused), Healed Mechanical Testing Plot

It was apparent that healing occurred between the detached polymer and its other half,
but not to the substrate surface. This is shown by significant slack in figure 2.17 (B)

Chapter 2. Discussion & Results

65

after an initially tensioned polymer at test start [fig. 2.17 (A)], followed by significant
polymer elongation [fig. 2.17 (D)]. Moreover, shifts between tension and slack held by
the healed polymer during testing are further corroborated by the mechanical testing
data [annotated fig. 2.18]. These events support self-healing, but not interfacial healing
of the polymer as discussed in detail earlier.
2.2.2.2

Final Testing

Mechanical testing was completed for one control and one experimental specimen as
shown in figures 2.25 & 2.21 respectively. With a procedure analogous? to that shown
in section A.2 of appendix A, three pristine experimental/control specimens were fabricated.

( A ) Synthesis Setup

( B ) Silicone Molds with Cast Polymer
(3x pristine experimental)

( C ) Silicone Molds with Cured Polymer (3x pristine experimental)

F IGURE 2.19: Final Experimental Specimen Creation (pristine)
?

The only difference in preparations and procedures was an increase from 0.07% to 0.08% KKAT, batch
size (totaling 19.417mL, not including KKAT), and number of specimens prepared; a gravimetric scale was
used to split bulk materials for individual specimen casting
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( A ) Demolded Experimental Specimens

( B ) Side view (E1)

( C ) Side view (E2)

( D ) Side view (E3)

F IGURE 2.20: Final Experimental Specimens (pristine)

After 24 hours, it was apparent that these specimens were not fully cured. Short cure
times exhibited during the % KKAT varying experiment [tbl. 1.3] are due to the fact that
the polymer is not forming any surface bonds, but simply bonding with itself (urethane
bonding). This is not the case for final experimental specimens, as hindered urea bonds
are forming with the substrate surface, acting to increase total curing time. The same
is true for control specimens with the exception that urea bonds are forming. Surface
tackiness could be due to fast reacting amines and slow reacting hydroxyls on the surface; this results in a fully cured polymer that exhibits tackiness due to an unoptimized
stoichiometric balance. Notably the top side of specimens remained significantly tacky
after ∼41 hours curing while the bottom side was not tacky; exposure to the chamber
environment (desiccator) versus being enclosed (walls of silicone rubber mold) had a
clear affect on the polymer. Whether or not the polymer is fully cured can be verified
with FTIR as completed by Bruce and Lewis, 2017, however, determining if surface tackiness is due to a specific imbalance in stoichiometry (e.g. unreacted hydroxyl groups) is
less tractable. This is discussed further in section 2.3. Completed mechanical testing for
E1 is shown below:
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(B)

(C)

F IGURE 2.21: E1, Mechanical Testing

F IGURE 2.22: E1, Mechanical Testing Plot

(D)
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Although this specimen did not perform ideally during testing, it had the weakest interface of all three pristine experimental specimens.
The corresponding control specimens are shown below:

( A ) Silicone Molds with Cast Polymer (3x pristine control)

( B ) Silicone Molds with Cured Polymer (3x pristine control)

F IGURE 2.23: Final Control Specimen Creation (pristine)
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( A ) Demolded Control Specimens

( B ) Side view (C1)

( C ) Side view (C2)

( D ) Side view (C3)

F IGURE 2.24: Final Experimental Specimens (pristine)

Completed mechanical testing for C1 is shown below:

(A)

(B)

(C)

F IGURE 2.25: C1, Mechanical Testing

(D)
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F IGURE 2.26: C1, Mechanical Testing Plot

Plots of collected data are shown below:

F IGURE 2.27: Control Specimens, Combined Plot
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F IGURE 2.28: Experimental Specimens, Combined Plot

With the exception of the POC specimen, reinforcement with double-sided tape on either or both sides of these specimens resulted in a skewed representation of polymer
strengths. Although relative polymer strength is skewed, reinforcements were put into
place in an attempt to reach the goal of mechanical testing; results were not meant to
determine polymer strength. Therefore, a comparison of relative strengths would be
fruitless. However, the failure in performing a successful peel test, as discussed in
section 2.1, provides a basis for further research and an interesting set of perspective
applications.

2.3

Future Work

Based on the previously completed self-heal flow experiment [see fig. 1.6], it was expected that HUBs would require temperatures upwards of 100◦ C to exhibit reversible
adhesion. Consideration of low-temperature (37◦ C) healing exhibited by this polymer
was overlooked when approaching initial testing for future work. Initial testing was
completed to determine what temperature hindered urea-silanol moieties detach. The
mechanically tested pristine experimental specimen had its underside cleaned and the
overlaid polymer cut back from the non-tested side, creating a flap of material to pull
on for peel test emulation. A hot plate was set to 80◦ C and the prepared experimental
specimen was placed and given five minutes to acclimate. When peeling was initiated,
the polymer released from the substrate surface instantly and easily. Due to this result, the specimen was removed and peeled sections (i.e. sections with broken surface
bonds) were allowed to cool in contact with the substrate. The sections where surface
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bonds had been broken did not readhere to the substrate after cooling, however, unpeeled sections retained their original adhesive strength after cooling. At this point, it
was conjectured that low-temperature (37◦ C) self-healing correlates to bond breakage
during peeling. After the specimen had cooled, further testing (hot plate starting at
22◦ C) supported a decrease in required peel force to detach the HUB from the interface
beginning at ∼27.5◦ C.

( A ) before peeling

( B ) after peeling

F IGURE 2.29: E1, Reversible Adhesion Test

During testing, stainless steel tongs were used to hold the specimen down while polymer peeling was completed with tweezers. Also notably, surface bonding to exposed
aluminum on the right tip of the substrate held noticeably less strength in comparison
to the yttrium coated surface. Boxed in red [fig. 2.29 (B)] are the areas where peeling
was completed. Although this was just a preliminary test to confirm characteristic behavior of specimens, it provides great promise moving forwards. To further support the
established result for surface bonds, the same test was completed on the mechanically
tested final control specimen [fig. 2.24].

( A ) before peeling

( B ) after peeling

F IGURE 2.30: C1, Surface Remelt Test

This specimen was prepared and tested in the same manner as the experimental specimen to maintain consistency for direct comparison. In support of fundamental differences between hindered urea and urea bonds, this specimen did not show a decrease in
required peel strength upon heating. In fact, the prepared polymer flap severed completely from the polymer body when peeling was attempted at the initial elevated temperature (80◦ C), as boxed in figure 2.30 (B).
Future work will act to explore the experimental results described above. When the
HUB disengages from the interface, it is possible that self-healing becomes less preferential to the interface as the isocyanate group retracts into the bulk of the polymer. It is
conjectured that the imbalanced stoichiometry plays a significant role in this phenomena, as an excess of hydroxyl groups within polymer bulk provide more bond sites for
HUBs to re-form, creating a preferential network in comparison to the interfacial surface. If this is the case, more precise tuning of polymer stoichiometry could result in
preference equivalence of HUBs to self-heal within the bulk polymer or at the interface.
A quantitative approach will be taken to study this in detail. Determining if the surface
tackiness shown by final control [fig. 2.24] and experimental [fig. 2.20] specimens is due
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to a specific imbalance in stoichiometry (e.g. unreacted cyanate groups) is less tractable
than the methods applied by Bruce and Lewis, 2017, to ensure that the polymer is fully
cured. This is due to the differences in polymer formulation and bond sites; instead of
dynamic urea moieties acting internally to the polymer, these moieties are forming with
the functionalized substrate surface. Performing XPS to determine the concentration of
hydroxyl groups (see Wightman, 1998, p. 564) on the surface of the unfunctionalized
thin-film would allow for the determination of (number of) reactive sites during silanol
surface functionalization. The number of reactive sites available for silanol formation
could then be related to balancing stoichiometry of the corresponding polymer. From
there, a curve that depicts Tg as a function of altered stoichiometry would act to support the phenomena explored above [figs. 2.29, 2.30]; a more precise formulation of the
experiment performed to test this phenomena has the potential to provide novel applications. This would also support the success of meeting the ASTM D903 standard for
peel testing of this adhesive bond in the future.
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Chapter 3

Conclusions & Speculative Work
3.1

Conclusions

It is clear that surface functionalization improves surface bonding; the high strength
of bonding at the interface resulted in ductile failure of the polymer, even after material reinforcements were implemented. It is suggested that a heating element is added
to the substrate’s backside for experimental specimens during mechanical testing to
reduce the force at which the silanol-HUB moiety detaches, reducing the equilibrium
stress reached during peeling. Consideration must be taken when implementing this
solution, as this connection was shown to release facilely at elevated temperatures [fig.
2.29]. This would not provide an accurate representation of the maximum interfacial
bonding strength that the material assembly is capable of exhibiting; however, performing mechanical tests for a wide range of applied temperatures would determine
maximum interfacial bonding strength as a function of temperature. This would also
act to determine the temperature at which a successful peel test is first achieved ("tipping point"). It has also been shown that implementation of a heating element would
not aid in reducing the interfacial bond strength of control specimens. Due to the lack
of dynamic bonds for control specimens, yielding a successful peel test would require
that polymer formulation and stoichiometry are optimized for maximum strength under the ASTM D903 requirement for high flexibility. Although a successful peel test
was not achieved, a consistent process for final specimen fabrication has been determined. Moving forward is a matter of better characterization and optimization of these
specimens. It is unclear whether or not reversible adhesion was achieved between the
functionalized substrate and polymer for experimental specimens. Future work will act
to further explore the complexities associated with answering this question. With that
said, completed work has improved the understanding of how molecular alterations
influence the reversibility of dynamic bonds.

3.2

Speculative Work

The explosive growth of technologies based on thin films and layers of condensed matter (solid or liquid) has stimulated considerable research in physics, chemistry and biology (Minassian-Saraga, 1994, p. 1669). As discussed briefly in section 1.1, further
work would involve the fabrication of an MnO2 monolayer and an MnO2 aerogel. A
monolayer is defined as a single, closely packed layer of atoms or molecules (MinassianSaraga, 1994, p. 1672). An aerogel shows a three-dimensional structure of a percolating
network with open pores ranging from hundreds of nanometers to tens of micrometers
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(Sun et al., 2017, p. 30283). Implementing these structures for use with thin-film yttrium
will be discussed following background information. For the less inclined reader, 3.2.1,
3.2.2, and 3.2.3 can be skipped as information presented is not essential for the proposed
experimental work in 3.2.4.

3.2.1

Solitons and Skyrmions

Solitary waves, originally investigated by engineer John Scott Russell in 1834 and described by a superposition of harmonic waves, are water waves that, upon interaction
with seabed, hold a puzzling stability. Four decades later physicist Joseph Boussinesq
determined that the seabed acts to stabilize solitary waves, but only in sufficiently shallow waters. This phenomenon is described by:
1 ∂η ∂η
h2 ∂3 η
3 ∂η
+
+
+ η
= 0?
3
v0 ∂t
∂x
6 ∂x
2h ∂x

(3.1)

where
• v0 =

p

gh and the function η is dependent on distance x and time t

• the equation changes with depth of water h and gravitational acceleration g
•

•

1 ∂η
v0 ∂t

+ ∂η
∂x are transport terms that provide solutions for nondispersive waves traveling at speed v0
3
h2 ∂ η
6 ∂x3

represents dispersion, and

3 ∂η
2h η ∂x

is the interaction with seabed

It became known as the Korteweg-de Vries (KdV) equation in honor of the physicists
that published detailed studies of localized and periodic solutions in 1895. When h is
a factor of 20 or more smaller than the wavelength L, equation 3.1 produces localized
solutions with bell-shaped profiles ηS ( x, t), which describe solitary waves. This bellshaped profile is conserved due to balanced dispersion and interaction with the seabed,
converse to deep-water waves.
Scientists discovered localized states in other physical phenomenon in 1960, when modern mathematical methods and numerical simulations were used to study solitary waves
and other self-supporting localized states, referred to as solitons. Extremely shallow
water (h < L/20) creates distortions of underlying particle orbits with enough strength to
suppress dispersion, stabilizing solitary waves. Now, localized states are not supported
by linear characteristics; so intrinsically, nonlinearity is the characteristic feature of soliton mathematics. Due to a local energy minimum in the system, solitary waves are extremely stable. This stability corresponds to behavior similar to solid particles, as their
shape is preserved for both motion and in interactions with other solitary waves. This
shallow-water mathematical model emerges in nonlinear physical systems represented
by self-supported and particle-like solitons such as magnetic skyrmions. (Bogdanov
and Panagopoulos, 2020, pp. 45-46) Magnetic skyrmions are (particle-like) magnetic
configurations as small as ∼1 nm that are moved by tiny electric currents (Sampaio et
?

Solitary waves are stabilized because of a quadratic term in the function η, the other terms are linear.
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al., 2013, p. 839). Mühlbauer et al., 2009 state that skyrmions represent topologically
stable field configurations with particle-like properties.
In three pivotal papers (Skyrme, 1958; Skyrme, 1959; Skyrme, 1961), T. H. R. Skyrme
provided a progressively more encompassing non-linear field theory acting to represent fundamental field quantities in terms of angular rather than linear variables in
a manner that modeled strongly interacting nuclear particles. Specifically, Skyrme,
1961 introduces solutions for the subatomic particles mesons and baryons, a case of
3D solitons. It was subsequently determined that skyrmions (named after Skyrme) in
three dimensions act to hold the physical properties of baryons. It was also later established that magnetic skyrmions emerge in (magnetic) compounds lacking inversion
symmetry, broken in the presence of non-equivalent interfaces, often referred to as noncentrosymmetric crystals. Notably, skyrmionic configurations have also been found in
other physics fields such as liquid crystals or Bose-Einstein condensates. (Bogdanov and
Panagopoulos, 2020, p. 46; Sampaio et al., 2013, p. 839; Zang et al., 2011, p. 136804-1)

3.2.2

Liquid Crystals

In condensed matter physics ’blue phases’ are naturally occurring crystals with periodicity on a scale of thousands of angstroms. This collection of crystallographic domains that selectively Bragg-reflect visible light produce an involute mosaic of bright
colors. A critical distinction for blue phases is their liquid crystal character. Although
they are one with discrete translational symmetry in three independent directions, the
molecules are disordered (positionally) with no fixed mean positions. As the discrete
group of translations is associated with the spatial pattern of molecular orientations,
they contain symmetry groups holding characteristics of conventional crystallographic
space groups (members of the cubic crystal system in the absence of fields). Notably,
they can be poured from one vessel to another. (Wright and N. D. Mermin, 1989, p. 386)
"Blue phases" occur in liquid crystals that exhibit cholesteric behavior. This means that
constituent molecules are chiral, i.e. two handedness is not equally represented, so the
fluid as a whole is not inversion symmetric. Blue phases, more generally, are phenomena taking place in cholesteric liquid crystals where the term cholesteric can be taken
as chiral anisotropic liquid. The term "cholesteric" is also commonly used to describe
the helical phase, that chiral liquid crystals enter at temperatures more than a degree or
so below the transition from isotropic to anisotropic liquid. In reality, cholesteric liquid crystals can exhibit both helical phases and blue phases. As a formality, we will
refer to cholesterics as chiral nematics in following sections. The main distinction between ordinary nematics and chiral nematics lies with a lack of long-range positional
order in the centers of mass of the molecules. However, chiral nematics do maintain
long-range orientational order, they simply also change pitch continuously from layer
to layer. (Andrienko, 2018, p. 521; Wright and N. D. Mermin, 1989, pp. 387-389)
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F IGURE 3.1: "The director field in the nematic and helical phases. The director
n is uniform in the nematic phase, while in the helical phase n twists along the
pitch axis ` and is constant in directions perpendicular to `." (Wright and
N. D. Mermin, 1989, p. 389)

As shown above for the helical phase of chiral nematics, the direction n twists uniformly about ` with a repeat distance po for n returning to n. This repeat distance, po , is
twice the physical repeat distance (given the configuration equivalence of n and -n), and
referred to as pitch of the helical phase. Notably, the constituent molecules of chiral nematics are 10-50Å in length while the pitch is usually thousands of angstroms. Given a
z axis is taken parallel to `, the analytic form for the director in the (equilibrium) helical
phase is (Wright and N. D. Mermin, 1989, p. 389):
n(r) = xcos(qo z) + ysin(qo z)

(3.2)

where the pitch po is given by
po =

2π
qo

(3.3)

Note that the quantity qo is a measure of the "chirality" of the nematic, and n(r) is a unit
vector that corresponds to the average molecular alignment in a small but macroscopic
volume located at r. (Andrienko, 2018, pp. 520, 523)
Liquid crystalline mesophases possess some typical properties of a liquid, such as fluidity, the inability to support shear, and formation and coalescence of droplets. These
mesophases also have certain crystalline properties, such as anisotropy of optical, electrical, and magnetic properties, as well as a periodic arrangement of molecules in one or
more spatial directions. (Andrienko, 2018, p. 520) For anisotropic liquids, homogeneity
holds if anisotropy is identical throughout the liquid in all respects, including orientation. In unstressed thermodynamic equilibrium chiral nematics are inhomogeneous.
Characterization as uniaxial or biaxial is dependent on whether the anisotropy of the ordered liquid has rodlike (cylindrical) or bricklike symmetry, respectively. (Wright and
N. D. Mermin, 1989, p. 388)
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F IGURE 3.2: "Orientation of mesogens in a nematic mesophase. A unit
vector u(i) along the axis of the i-th molecule describes its orientation.
The director n corresponds to the average molecular alignment. Two
molecular arrangements are shown: ideal prolate, with all molecules
aligned along the z axis, and oblate, with molecular axes uniformly
distributed in the xy plane." (Andrienko, 2018, p. 523)

Interestingly, more complexities emerge in larger surface areas of two-dimensional (2D,
as compared to 3D) monolayers which host unconventional quantum effects leading to
unique electrical, optical, chemical, and thermal properties. (Shi et al., 2018, pp. 1-2)
Before interpreting systems distinguished by two- and three-dimensional stability, a discussion of the Ginzburg-Landau theory is permittable. Ginzburg-Landau theory acts
to characterize the theoretical models of blue phases by representing them as limiting
cases in the same framework (Wright and N. D. Mermin, 1989, p. 387). As we will see,
instability of the helical phase is at the high-chirality limit while "double twist" and line
defects in a uniaxial liquid act at the low-chirality limit. Unlike the vector representation
of ordering in ferromagnetics (spontaneous magnetization), directional ordering in (ordinary or chiral) nematic liquid crystals holds tensor character. During transition from
isotropic to anisotropic liquid, the character of the local dielectric constant changes from
a scalar to a tensor. Note that as molecules (depicted as rigid, elliptical [fig. 3.2]) possess
a center of symmetry, the orientation commonly described by a unique vector u(i) along
its long axis will vanish if averaged. This explains the insufficiency of using a vector as
an order parameter here. For isotropic liquids the dielectric constant is reduced from its
tensor form (Wright and N. D. Mermin, 1989, p. 399):
eij =

1
tr (e)δij
3

(3.4)

while in anisotropic liquids we have:
1
eij − tr (e)δij ≡ Qij 6= 0
3

(3.5)

So for anisotropic liquids the ordering involves the symmetric (as eij is symmetric),
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traceless tensor Q.? More intuitively, representation of the order parameter as Qαβ
proves symmetry and traceless form in the following way (Andrienko, 2018, p. 523).+
In short, for chiral nematics the position-dependent dielectric constant and dielectric
anisotropy are eij (r) and Qij (r) respectively. Given a uniaxial liquid with unit vector
u(i) along the axis of the i-th molecule [eqn. 3.6] or with preferred direction n(r) [eqn.
3.7], the order parameter Q(r) holds the respective forms:
1
N

1
− δαβ )
3
i
1
Qij (r) = γ(ni n j − δij )
3

Qαβ (r) =

∑(uα

(i ) (i )
uβ

(3.6)
(3.7)

In equation 3.6 the summation is over N molecules where α and β denote Cartesian
coordinates x, y, and z (Andrienko, 2018, p. 523). For equation 3.7 the order parameter
is determined by a vector n, but independent of its sign (Wright and N. D. Mermin,
1989, p. 399). The uniaxial anisotropy is said to be prolate or oblate in accordance
with a positive or negative γ, which is physically representative of parallel (prolate) or
perpendicular (oblate) alignment of molecules to the z (or `) axis [figs. 3.1, 3.2]. As
discussed above, equation 3.2 expresses the helical phase with pitch parallel to the z
axis; this yields the expanded form of dielectric anisotropy [eqn. 3.7]:




1/6
0
0
cos(2qo z) sin(2qo z) 0
1
0  + γ  sin(2qo z) −cos(2qo z) 0
(3.8)
Quh = γ  0 1/6
2
0
0 −1/3
0
0
0
where the superscript uh stands for uniaxial helix. The first term in equation 3.8 dictates
the direct transmission of light through the liquid∗ ; intuitively, the order tensor also represents the oblate case of particle alignment, with (random) orientation perpendicular
to a z axis that is parallel to ` in figure 3.1. This describes birefringence with the optical
axis along the pitch axis z. The second term represents Bragg reflection with a change
of wave vector of magnitude 2qo along the pitch axis. (Wright and N. D. Mermin, 1989,
p. 399; Andrienko, 2018, p. 523)
According to Andrienko, 2018 (p. 524), for unstrained chiral and ordinary nematics, a
uniform director orientation is the global minimum of its free energy. Minimizing free
energy determines equilibrium structure; this free energy is represented by the volume
integral of a free-energy density. Free-energy density, a simple local function of the tensor order parameter Q and its derivatives, is distinguished by two sets of terms; terms
containing derivatives of the order parameter constitute gradient free-energy while terms
that do not, constitute bulk free-energy density. Given the nonlinear nature of what
Ginzburg-Landau theory describes, it is necessary to retain fourth order terms for the
bulk free-energy density and second order terms for the gradient free-energy density.
The retention of quadratic and quartic terms ensure thermodynamic stability of the
?

Traceless refers to the sum of eigenvalues equalling zero. Wright and N. D. Mermin, 1989 (pp. 426427) provide supplemental material stating that tr M = 0 gives tr (M4 ) = 21 [tr (M2 )]2
+
(i )

(i ) (i )

(i ) (i )

Qαβ = Qβα since uα u β = u β uα and δαβ = δβα . Tr Qαβ = Qxx + Qyy + Qzz =
(i )

1
N

(i )

∑i [(u x )2 +

(uy )2 + (uz )2 − 1 = 0], as u is a unit vector.
∗ This term gives the k = 0 Fourier component of the anisotropic part of the dielectric constant.
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order parameter. However, even this provides a simplified description of free-energy
density, omitting fluctuation corrections.? The structures put forth still provide a solid
behavioral representation of chiral nematics, but, terms beyond the leading order in Q
may play significant roles. Regardless, it is important to note the separate minimization of bulk and gradient free energies by differing forms of the order parameter. The
bulk free energy favors a uniaxial Q, while the gradient free energy is minimized by a
strongly biaxial form. The bulk free energy dominates far below the transition temperature where the uniaxial helical phase is favored, but closer to the transition, competition
between bulk and gradient energies can lead to complex compromise structures. These
are the blue phases. (Wright and N. D. Mermin, 1989, pp. 399-400)

F IGURE 3.3: "A schematic phase diagram showing the blue phases in relation to
the helical and isotropic phases as a function of temperature. Not all three blue
phases occur in every material." (Wright and N. D. Mermin, 1989, p. 391)

Nondimensionalizing the operator (Q) is employed for the usual reasons, e.g. to express
behavioral characteristics by means of altering a small number of important parameters.
The bulk and gradient free energies are the basis for this nondimensionalization, as
determining the equilibrium structure of a chiral nematic requires a reduction in the
full free energy F, which is the volume integral of the free-energy density (Wright and
N. D. Mermin, 1989, p. 401):
f = f grad + f bulk
1
1
= K1 [(∇ × Q)ij + 2qo Qij ]2 + Ko [(∇ · Q)i ]2
4
4
√
+ c tr (Q2 ) − 6b tr (Q3 ) + 2a tr (Q4 ) (3.9)
where the middle and lower line represent (general) gradient and bulk free energies respectively. For stability the coefficient a must be positive, where changing the sign of b
simply changes the sign of the order parameter Q that minimizes the full free energy.
In the limit of a second-order transition (b = 0), shifting the value of c from positive to
?

A simple mean-field theory is presented.
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negative =
b f bulk favoring a nonzero Q. Particularly, a and b are temperature independent, while c allows consideration of the temperature dependence of the free-energy
parameters. As the footnote? eludes to, we will define λ and θ as such (Wright and
N. D. Mermin, 1989, p. 400):
r
r
3
1
λcosθ =
(s + t), λsinθ =
(s − t)
(3.10)
2
2
which results in

λ3
cos3θ
(3.11)
6
As theta appears explicitly in the cubic term which is proportional to −cos3θ, for any
value of λ the minimum is achieved by taking cos3θ to be 1. With cos3θ = 1, f bulk
depends only on λ:
tr (Q2 ) = λ2 ,

tr (Q3 ) =

f bulk = cλ2 − bλ3 + aλ4 = aλ2 [(λ −

b 2 c
b2
) + − ]
2a
a 4a

(3.12)

Since the zero free energy is defined to be that of the isotropic liquid (λ = 0), the bulk
free energy favors ordering when it can be negative for some nonzero λ. So, as c drops
(i.e. temperature drops), this can first happen when c is less than a critical value
co =

b2
4a

at which point λ can acquire the nonzero value
r
co
b
=
λo =
2a
a

(3.13)

(3.14)

Note that when ordering is driven entirely by f bulk , it is the case for ordinary nematics.
Returning to nondimensionalization, coherence length (ξ) acts to characterize an ordinary
nematic for the temperature at which the first-order transition from the isotropic liquid
takes place.
r
aK1
ξ=
(3.15)
b2
This length is of importance in both chiral and ordinary nematics as it is typically to
scale with molecular dimensions (10-50Å). Notably, K1 and Ko are elastic constants that
relate to splay, twist, and bend curvature strains. Curvature strains are deformations
of relative director orientations away from equilibrium positions. (Andrienko, 2018, p.
525) As expressed later+ in a different manner, κ will be small with the exception of
chiral nematics that have very short pitch and/or near a transition from the isotropic
phase that is only weakly first order. κ, of dimensionless form, represents "chirality"
?

A nonvanshing cubic coefficient b leads to a bulk free energy density that is minimized at any point
by a uniaxial tensor – i.e. the minimizing traceless tensor Q has a pair of degenerate eigenvalues. This is
shown explicitly by letting eigenvalues of the general traceless symmetric tensor Q be −s, −t, and s + t.
As shown a (non-negative) λ and θ term are defined, acting to redefine f bulk .
+ Later, this is expressed near a second-order transition while the pitch p is typically on the order of
o
3
10 to 104 Å.

Chapter 3. Conclusions & Speculative Work

82

that changes with order transitions of the operator.
κ = qo ξ =

2πξ
po

(3.16)

where, again, po is the pitch. Note that ξ acts as a particular combination of free-energy
parameters, specifically when qo = 0 or gradient free energy attains its minimum value
of zero. This means that minimizing the bulk free energy corresponds to a uniaxial form,
e.g. the equilibrium structure for ordinary nematics. Order transitions of the operator
dictate the behavior that is exhibited: isotropic, BPII, helical, etc. This is of importance
when discussing the high- and low-chirality limits. (Wright and N. D. Mermin, 1989,
pp. 400-403)
Wright and N. D. Mermin, 1989 (p. 414) states: In the high-chirality limit (κ → ∞), the role
of the bulk free energy is only to select the most favorable form out of the large degenerate family
of order parameters that minimize the dominant gradient free energy. This situation is reversed
in the low-chirality limit (κ → 0), where the bulk free energy dominates. The implications
of these limits are far-reaching for transitions of the operator, there are even theoretical
models that, as of current, have no experimental counterpart. The essential takeaway
from Ginzburg-Landau theory are the transitory regimes described. The double twist
expresses n twisting in all directions perpendicular to itself. In particular, it rotates along
both of a pair of orthogonal directions in contrast to helical structure where n twists only
about a single direction, the pitch axis, and is uniform along directions perpendicular to
the pitch axis. Upon transition through blue phases, double twist and line defects take
precedence at the high-chirality limit (where instabilities of the helical phase occur).
Temperature drops cause the cost in bulk energy of regions between double twist to
increase thus favoring the helical phase. The table below acts to summarize the various
items discussed above:
TABLE 3.1: Description of Properties Occurring in Non-inversion Symmetric Liquid Crystals
above Tc

isotropic

ordinary nematic

uniaxial (rodlike symmetry)

low-chirality limit

f bulk dominates

Tc

blue phases

-

biaxial (bricklike symmetry)

high-chirality limit

f bulk acts to minimize f grad

below Tc

anisotropic

chiral nematic

uniaxial (rodlike symmetry)

low-chirality limit

f bulk dominates

Considering the typical phase transitions, usually onset of temperature and/or pressure
changes, is useful in analyzing the structural behavior of molecules; however, considerations concerned with phase transitions acting outside of the typical regime of temperatures are interesting. Do the tools required to analyze say, a solid-plasma, phase transitions exist? What research has been done in this domain? Providing a short introduction
to liquid crystals acts to help form a fuller understanding of the phenomena represented
by monolayers and nanostructures. The material discussed above lacks specificity for
simplicity. Specificity is also sacrificed in order to convey something overarching as
compared to the subtleties associated with such complex phenomena. Condensed matter physics is a field of its own and demands more attention than I have given; there
are obviously wide varieties of magnetic states involving liquid crystals, and plenty
of other phenomena not considered here. However, expressing the material described
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above seems fruitful for more in depth research at a later time; theory and practice often
meld in beautiful fashion.

3.2.3

Application of Liquid Crystals

Given the general nature of the theory presented in 3.2.2 we will consider a widely studied application of liquid crystals, one which has been analyzed by Mühlbauer et al., 2009
in the framework of the Ginzburg-Landau mean-field theory, among others. Results obtained within the isotropic Heisenberg model (N. Mermin and Wagner, 1966) consider
whether or not spontaneous magnetic order occurs under reduced dimensionality (i.e.
in one-dimensional (1D) linear chain or two-dimensional (2D) plane). Bode et al., 2002,
establish a monolayer of Mn on W(110) as a model system for two-dimensional itinerant
antiferromagnetism.
Magnetic vortexes in non-centrosymmetric magnets are generally considered as skyrmions,
which are topoligically stable knots in the vector field describing magnetization distribution inside the sample. Historically, the cubic B20 compound manganese monosilicide, MnSi, has played an outstanding role in establishing the skyrmion physics in magnets. Owing to the lack of inversion symmetry, the properties of MnSi are related to
cholesteric liquid crystals. In these cholesterics, a helical phase undergoes a sequence
of phase transitions to so-called ’blue phases’, which are characterized by complex patterns of the order parameter woven from topological defects of the underlying chiral
helices (Lobanova et al., 2016, p. 1; Pfleiderer et al., 2004, p. 230). Chiral spin-orbit interactions, resulting from a lack of inversion symmetry of the cubic B20 structure are commonly described by the rotationally invariant Dzyaloshinsky Moriya (DM) interaction.
DMI acts as a mechanism describing long-period structures, where the superstructure
is caused by an instability of a ferromagnetic structure with respect to small ’relativistic’ spin-lattice or spin-spin interactions. As stated, this type of instability may occur
only in certain crystal structures that lack inversion symmetry. (Bak and Jensen, 1980, p.
L881) In the absence of an applied magnetic field at ambient pressure, MnSi develops a
helical magnetic order below transition temperature Tc = 29.5K. Three well-separated
energy and length scales can be distinguished in MnSi at all temperatures, pressures,
and magnetic fields (Mühlbauer et al., 2009, p. 915; Pfleiderer et al., 2004, p. 228):
1. MnSi has a strong tendency to itinerant ferromagnetism on length scales of a few
lattice constants, a ≈ 4.56Å, favoring uniform spin polarization where rotation of
spins with periodicity λh ≈ 190Å are large in comparison to the lattice constant.
2. The B20 structure lacks
an inversion symmetry, weak spin-orbit interactions asR
sume a DM form, S · (∇ × S)dr, which (being linear in momentum) destabilized the uniform ferromagnetic order and introduces a well-understood helical
modulation of a long wavelength 175Å at ambient pressure (here S(r) is the space
dependent magnetization).
3. In the ordered phase, further spin-orbit interactions induced by the cubic crystalline electric fields align the direction of the spiral to Q = h111i, where S⊥Q.
Alignment along this cubic space diagonal is weak, where magnetic domains on
the order of 104 Å in the small spin-orbit coupling of the helix hence represents the
weakest scale.
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Early on it was determined that Skyrmions in three spatial dimensions hold the physical properties of baryons where Skyrmion crystal (SkX) configurations were used to
model nuclear matter. Skyrmions in two spatial dimensions play an important role in
condensed matter systems. SkX configurations can be stabilized by the, rotationally invariant, DM interactions in ferromagnets without inversion symmetry, where this state
was observed in the A-phase of the ferromagnetic metal MnSi. (Grigoriev et al., 2014,
p. 220; Lobanova et al., 2016, p. 1; Zang et al., 2011, p. 136804-1) The A-phase is a small
pocket in the B-T magnetic phase diagram existing in the vicinity of Tc ∼ 29◦ K at moderate magnetic fields. The A-phase as it arises in MnSi and relative compounds holds
stable long range order (skyrmion lattice), where skyrmionic nature is determined by
the topologically protected knots and windings in the magnetic structure; the existence
of topological winding is a product of Hall effect measurements. This describes the
skyrmion lattice based on the DM interaction but is focused on the skyrmion-like topology of its unit cell. (Grigoriev et al., 2014, p. 217; Lobanova et al., 2016, p. 1) Topological
defects appear in physics as a consequence of broken continuous symmetry, existing in
biological systems, superfluid helium, ferromagnets, crystalline solids, liquid crystals,
quantum Hall fluids, and even optical fields. They play an important role in such phenomena as a response to external stress and the nature and type of phase transitions.
(Andrienko, 2018, p. 533)
The determination of universal features in cooperative phenomena continues to pose
complex problems for the scientific community, bordering terra incognia. Future work
aims to contribute in deepening our understanding, and furthering the scientific community’s progress regarding the phenomena which arise in monolayers and nanostructures. The relics of symmetric phenomena reappear at sufficiently high temperatures;
it is well known that as the temperature of a system decreases, asymmetry arises, usually in crystalline form. The inexorable connection of phase transitions and topological
structures seen in condensed matter systems will fuel the next generation of technological evolution, where the fundamental nature of liquid crystals described above provides
the basis of a nascent new industry for engineers and physicists alike.

3.2.4

MnO2 Monolayer & MnO2 Aerogel

A continuation of work completed would pertain to analysis and comparison of both
an MnO2 monolayer and MnO2 aerogel with regards to adiabatic reaction temperature/heat of reaction. Most guiding research is concerned with applications for supercapacitor electrodes and high-performance pseudocapacitors (Xu et al., 2016; Liu et al.,
2015), as one-step/one-pot synthesis of MnO2 nanosheets is provided. However, fabrication of CNT aerogels and three-dimensional printing (3DP) of aerogels are also facets
of this research field (Barrios et al., 2019).
There are commonalities between certain fabrication methods for MnO2 monolayers
and aerogels. In fact, for the commonly employed method discussed by Liu et al., 2015,
Xu et al., 2016, and Sun et al., 2017, an aerogel is simply self-assembling (thanks to van
der Waals force) monodispersed 2D nanosheets requiring some extra processing steps.
Regardless of the fabrication procedures that are followed, interest lies with thermite
reactions and analysis thereafter. Fischer and Grubelich, 1996 (p. 1) state that a thermite
is an exothermic reaction between a metal and a metal oxide. Notably, a reaction is
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more apt to self-propagation if at least one of its product species is brought to its melt
temperature or adiabatic reaction temperature is greater than 2000◦ K; this characteristic
is useful to consider, especially for solid-gaseous phase transitions.
A solid-gas phase transition is commonly known as sublimation and requires that the
state of all products are gaseous. If fabricated properly, a rapid conveyance of products
in the form of a solid-gas phase transition is possible. For engineering applications, the
"optimal" exothermic mixture is dependent on several factors which include: the energy per
unit mass (or volume depending on the requirements of the application); the chemical stability
of the reactants and products at normal operating temperatures; the chemical compatibility of
the reactants and products with other materials present in the application; the toxicity of the
reactants and products; the reaction rate; ease of processing; availability of the reactants; reaction
temperature; state of the products; and cost (Fischer and Grubelich, 1996, p. 2). In the
sections that follow, many of these characteristics are taken into consideration.
3.2.4.1

MnO2 Monolayer

Can evidence be provided to support the fabrication of a gas generator through means
of a yttrium film stabilized with an MnO2 oxide layer? Can a synthesis technique
be demonstrated to prepare a yttrium based thermite? Theoretical formulations provide evidence to answer these questions. Unfortunately, simply applying a manganese
monolayer to thin-film yttrium, as was done with yttrium and aluminum, will not bear
good bond strength between the two:
◦
◦
( products) − ∆ f H298
(reactants) ≈ ∆Hrxn
∆ f H298

(3.17)

so
3 Mn + 2 Y2 O3 −−→ 3 MnO2 + 4 Y
where

kJ
mol
kJ
= −1905.31
mol

◦
MnO2 : ∆ f H298
= −520
◦
Y2 O3 : ∆ f H298

(3.18)
(3.19)

yields
kJ
(3.20)
mol
The positive energy difference provides us with an endothermic reaction (Academy,
2019), meaning that there will be bad adhesion strength/bonding between the substrate
and the evaporant. This is assuming that the thin-film yttrium is exposed to atmospheric
conditions before attempting to coat with manganese. However, if the products and
reactants are flipped, this becomes an exothermic reaction:
∆Hrxn = 3(−520) − 2(−1905.31) = 2250.62

4 Y + 3 MnO2 −−→ 2 Y2 O3 + 3 Mn
where
◦
Y2 O3 : ∆ f H298
= −1905.31

kJ
mol

(3.21)
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◦
MnO2 : ∆ f H298
= −520

kJ
mol

(3.22)

yields
kJ
(3.23)
mol
A fabrication method that parallels the reaction shown above would act to prepare a
yttrium based thermite, given the exothermic reaction between a metal and a metal
oxide.
∆Hrxn = 2(−1905.31) − 3(−520) = −2250.62

3.2.4.2

MnO2 Aerogel

An aerogel shows a three-dimensional structure of a percolating network with open
pores ranging from hundreds of nanometers to tens of micrometers (Sun et al., 2017, p.
30283). As stated in ??, there are five process steps involved in the creation of a highly
purified MnO2 aerogel as outline by (Liu et al., 2015).
1. Synthesis Preparation
2. Synthesis
3. Purification
4. Ice-templating
5. Freeze drying / Lyophilization
In particular, the work by Liu et al., 2015, is supported and expanded upon by Xu et al.,
2016, and Sun et al., 2017.
Given the desired solid-gas phase transition of the aerogel-yttrium assembly, the state of
all products must be gaseous. Fischer and Grubelich, 1996 (p. 8) provide the theoretical
reference for this information:
TABLE 3.2: Thermite Reaction (adapted from Fischer and Grubelich,
1996, p. 8)
adiabatic reaction temperature (◦ K)

reactants

state of products

constituents

ρ TMD , g/cm3

w/o phase changes

w/ phase changes

state of oxide

state of metal

4Y + 3MnO2

4.690

7405

<5731*

gas

gas

state of products

gas production

heat of reaction

state of oxide

state of metal

moles gas per 100g

g of gas per g

-Q, cal/g

-Q, cal/cm3

gas

gas

0.8110

1.000

1022

4792

A calculation of enthalpies of formation of reactants and products is shown below:
4 Y + 3 MnO2 −−→ 2 Y2 O3 + 3 Mn
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kJ
mol
kJ
= −520
mol

◦
Y2 O3 : ∆ f H298
= −1905.31
◦
MnO2 : ∆ f H298

(3.24)
(3.25)

yields
∆Hrxn = 2(−1905.31) − 3(−520) = −2250.62

3.2.5

kJ
mol

(3.26)

Closing Remarks

The proposed work would utilize the same exothermic reaction between yttrium and
manganese for both the Mn monolayer and MnO2 aerogel. Nevertheless, it is interesting
to see the differences in final product between the proposed fabrication methods, and
the stability that both of them hold (theoretically). The reason that the aerogel will perform better (theoretically) is attributed to extremely high porosity and low density, high
specific surface area, and high dielectric strength. Although aerogels hold low thermal
conductivity, an enhanced supercapacitive performance compared to MnO2 powder is
attributed to the 3D interconnected ion transport channels in the aerogel structure. Low
density, wide open pores, high porosity and large inner surface area provide abundant
sites for reaction or interfacial transport. Drawing parallels from these characteristics it
is clear that the aerogel has a higher potential adiabatic reaction temperature and heat
of reaction. These properties, paired with implementing an aerogel-thermite material
mix provides a "multiplicative factor" towards a quick conveyance of products. These
properties have provided the basis of far-reaching technological innovations for applications in aerospace, energy generation and storage, biomedical devices and implants,
sensors, and coatings. (Barrios et al., 2019, p. 1; Xu et al., 2016, p. 1043)
The connection between future experimental work and the information covered in sections 3.2.1 - 3.2.3 lies with the behavior of condensed matter systems. Given the alarming number of applications of these systems, it is clear that they will act unanimously
in the future. The possibilities beyond the horizon have always proved strong enough
to keep scientists busy, and there is an excitement associated with helping to push any
field of study forward. With this, I would like to exit with a quote from Carl Sagan:
What does seventy million years mean to beings who live only one-millionth
as long? We are like butterflies who flutter for a day and think it is forever.
Cosmos, p. 27
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Appendix A

Procedures & ASTM D903 Standard
A.1

Preparations & Procedures

ito top⇒1.16, 1.3, 2.2h
Sample preparation Synthesis was completed using as–received materials unless otherwise noted. Hexamethylene Diisocyanate (HMDI) was obtained from TCI Americas
in a minimum of 98% purity. K-KAT 6212, supplied by King Industries, was chosen
because it shows NCO/-OH selectivity over NCO/water reaction. Polyethylene Glycol
(PEG), FCC grade, was received from Dow Chemical Company. Triethanolamine (TEA)
was obtained from Alfa Aesar in a minimum of 98% purity. Prior to polymer synthesis,
materials were cleaned with acetone and any moisture was removed by drying at 100◦ C
for 30 minutes; these materials include:
• magnetic stir bar/stir bar removal tool
• 1x 25mL round-bottom flask with septum-inlet & according septum
• 1x silicone rubber mold [see fig.1.44]
• 3x hypodermic needles
Synthesis HMDI (0.733mL, 4.58mmol), PEG (1.294mL, 3.64mmol), and KKAT (0.0146mL,
0.07%) were mixed in a round-bottom flask under flowing dried nitrogen. TEA (0.0635mL,
0.479mmol) was added and allowed to stir rapidly for ∼15 seconds. The solution was
quickly cast into prepared silicone rubber mold and transferred to vacuum oven. The
cast solution was vacuum degassed for three minutes, returned to atmospheric pressure
(vacuum vented, dried nitrogen inflow), then degassed to -25inHg and returned to atmospheric pressure (vacuum vented, dried nitrogen inflow). The polymer was allowed
to cure in sealed vacuum oven at room temperature under ambient conditions for ∼40
hours prior to demolding

A.2

Preparations & Procedures

ito top⇒2.2.2.1h
Sample preparation Synthesis was completed using as–received materials unless otherwise noted. Hexamethylene Diisocyanate (HMDI) was obtained from TCI Americas

Appendix A. Procedures & ASTM D903 Standard

90

in a minimum of 98% purity. K-KAT 6212, supplied by King Industries, was chosen
because it shows NCO/-OH selectivity over NCO/water reaction. Polyethylene Glycol
(PEG), FCC grade, was received from Dow Chemical Company. Triethanolamine (TEA)
was obtained from Alfa Aesar in a minimum of 98% purity. Prior to polymer synthesis,
materials were cleaned with acetone and any moisture was removed by drying at 101◦ C
for 30 minutes; these materials include:
• magnetic stir bar/stir bar removal tool
• 1x 20mL scintillation vial
• 1x silicone rubber mold [fig.1.18]
• 4x no. 28 tapestry needles
Note that the previously failed control substrate [fig. 1.29] underwent the same heating
conditions following removal of the items listed above.
Synthesis HMDI (2.174mL, 13.6mmol), PEG (3.837mL, 10.8mmol), and TEA (0.188mL,
1.42mmol) were mixed in a glass vial open to atmosphere. KKAT (0.0434mL, 0.07%) was
added and allowed to stir rapidly for ∼20 seconds. After stir bar removal, the solution
was vacuum degassed for three minutes, returned to atmospheric pressure (vacuum
vented, ambient air inflow), then degassed to -25inHg. Following return to atmospheric
pressure (vacuum vented, ambient air inflow), the solution was quickly cast into prepared silicone rubber mold [fig. 2.7 (A)] and stored in a desiccator. Materials were
allowed to cure in an environmental chamber at 37◦ C for 12 hours.

A.3

Tensile Testing Procedure

ito top⇒2.2.2h
Taking the experimental group of specimens as a general procedural example. Note
that the tensile tester should be turned on for ∼15 minutes to allow for stress relaxation
and creep of machine jaws.
1. Turn machine on, insert fabricated mechanical testing fixture [fig. 1.17] into Instron jaws and tighten
2. Place test specimen into according mechanical testing fixture, calibrate using machine controller, reset gauge length
3. Select IEEE on machine controller, yielding system control to the attached desktop
computer
4. Turn on desktop computer, login, and open Bluehill software
5. Under testing methods, select saved testing method in accordance with ASTM
D903 standard as well as a file name and save location
6. Complete prompts to begin mechanical testing and proceed until prompted to
insert new test specimen
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7. Remove current test specimen from according mechanical testing fixture
8. Place new test specimen into according mechanical testing fixture, calibrate and
reset gauge length using desktop computer
9. Repeat steps 6-8 as required (max ten specimens per data set)
10. Select finish testing procedure and finish sample to save current data set and return to menu or finish testing procedure and continue testing to save current data
set and begin another test with the same parameters
11. Place tested experimental test specimens (omit for control specimens) in the environmental chamber
12. Align the polymer side of the specimen with the aluminum substrate such that the
faces re-associate yielding a specimen with the dimensions held prior to mechanical testing
13. Leave specimens at 60◦ C for 12 hours (Bruce and Lewis, 2017, p. 937) for polymer
healing
14. Repeat steps 1-13 for healed specimens as self-healing permits

A.4

Silane Application Outline

ito top⇒1.2.4, 1.2.6.2h
SIB1932.3 (t-BUTYLAMINOPROPYLTRIMETHOXYSILANE) - functional
Note that this procedure was adapted from that described by Arkles, 2014 (p. 21)
Deposition from aqueous alcohol solutions is the most facile method for preparing silylated
surfaces. A 95% ethanol-5% water solution is adjusted to a pH of 4.5-5.5 with acetic acid.
Silane is added with stirring to yield a 2% final concentration. Five minutes should
be allowed for hydrolysis and silanol formation. Large objects, e.g. glass plates, are
dipped into solution, agitated gently, and removed after 1-2 minutes. They are rinsed
free of excess materials by dipping briefly in ethanol. Cure of the silane layer is for 5-10
minutes at 110◦ C or 24 hours at room temperature (<60% relative humidity).
Materials Required:
• Safety glasses
• Face shield
• Lab coat
• Face mask
• Ethanol
• Water
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• Acetic Acid
• SIB1932.3 [fig. 1.11]
• Crystallizing Dish (2x)
• Stirring Scoopula (2x)
• Tongs
• Micropipette (100-1000µL), corresponding tips
• Micropipette (10-100µL), corresponding tips
• 10mL syringe
• Oven
• Oven tray
• Thin-film yttrium specimens
• Stir bar
• Stir plate
• pH Meter
Notes:
Ensure that all apparatuses are located 8 inches behind the sash before beginning procedural items for proper ventilation
Pre-procedural Preparation:
1. Ensure pH meter is ready and calibrated for use in the hood
2. Plug in stir plate, place crystallizing dish (containing selected stir bar) on top of
stir plate
3. In crystallizing dish, prepare 95% ethanol-5% water solution totaling 62.5mL: mix
59.375mL ethanol, 3.125mL water
4. Turn stir plate on to achieve desired level of mixing, place pH meter probe into
solution
5. Adjust solution to a pH of 4.5-5.5 by adding acetic acid (using appropriate micropipette)
6. Transfer solution to its desired storage container and label appropriately (contents,
date)
Procedural Preparation:
• Set oven to 110◦ C (disregard if curing at room temperature for 24 hours)
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Procedure:
1. Plug in stir plate, place primary crystallizing dish (containing selected stir bar) on
top of stir plate
2. Prepare secondary crystallizing dish: fill with 7.793mL ethanol (yields 0.025” layer).
Place to the side for access later
3. Using 10mL syringe, add 6.25mL from prepared 95% ethanol-5% water solution,
turn stir plate on to achieve desired level of mixing
4. Add 0.125mL SIB1932.3 to primary crystallizing dish using 100-1000µL micropipette,
allow minimum 5 minutes stirring for silanol formation
5. Dip substrate into primary crystallizing dish, yttrium side down into solution,
agitate gently, and remove after 1-2 minutes
6. Rinse the substrate surface that was dipped free of excess materials by dipping
briefly into secondary crystallizing dish
7. Place the substrate into 110°C oven on the oven tray, yttrium side up, and allow
5-10 minutes for curing. Remove from oven and place in desired storage location
(ideally a desiccator)
OR
8. Leave the substrate, yttrium side up, at room temperature (<60% relative humidity) and allow 24 hours for curing
9. Repeat as required
SIA0611.0 (3-AMINOPROPYLTRIMETHOXYSILANE) - control
Note that this procedure was adapted from that described by Arkles, 2014 (p. 22)
Notes:
Ensure that all apparatuses are located 8 inches behind the sash before beginning procedural items for proper ventilation. The procedure and recommended apparatus shown
below will not be used in our case due to lack of equipment and the desire to perform
vapor phase deposition in a facile manner.
Vapor Phase Deposition Silanes can be applied to substrates under dry aprotic conditions
by chemical vapor deposition methods. These methods favor monolayer deposition.
Although under proper conditions almost all silanes can be applied to substrates in the
vapor phase, those with vapor pressures >5 torr at 100◦ C have achieved the greatest
number of commercial applications. In closed chamber designs, substrates are supported above or adjacent to a silane reservoir and the reservoir is heated to sufficient
temperature to achieve 5mm vapor pressure. Alternatively, vacuum can be applied until silane evaporation is observed. In still another variation the silane can be prepared
as a solution in toluene, and the toluene brought to reflux allowing sufficient silane to
enter the vapor phase through partial pressure contribution. In general, substrate temperature should be maintained above 50◦ and below 120◦ to promote reaction. Cyclic
azasilanes deposit the quickest- usually less than 5 minutes. Amine functional silanes
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usually deposit rapidly (within 30 minutes) without a catalyst. The reaction of other
silanes requires extended reaction times, usually 4-24 hours. The reaction can be promoted by addition of catalytic amounts of amines.

F IGURE A.1: "Apparatus for vapor phase silylation" (Arkles, 2014, p. 22)

Materials Required:
• Vacuum desiccator
• Vacuum pump, according plumbing (condenser/cold finger)
• Pressure/vacuum meter, vacuum pump
• Small petri dish (1x, must fit under shelf in desiccator)
• Micropipette (100-1000µL), corresponding tips
• Thin-film yttrium specimens
• Stirring hot plate
Pre-procedural Preparation:
Ensure that the vacuum desiccator is cleaned with acetone before beginning
Procedure:
1. Place stirring hot plate into the fume hood appropriately, set to 100◦ C
2. Place the desiccator on top of the stirring hot plate
3. Remove the circular shelf from the desiccator, place petri dish into the bottom of
the desiccator
4. Fill the cold finger with liquid nitrogen
5. Ensure that the petri dish has reached 100◦ C, place the shelf into the desiccator
6. Place the desired number of thin films, yttrium side up, onto the shelf in the desiccator
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7. Add 1-2mL of SIA0611.0 to the petri dish using 100-1000µL micropipette (increments of 500-1000µL)
8. Close the desiccator securely and turn on pump and vacuum meter until maximum vacuum is pulled (10-65 torr)
9. Turn off pump and cut air flow through the line
10. Allow 2-3 hours for vapor phase deposition to occur
11. Vent the system and turn the stirring hot plate off, then remove samples for appropriate storage

This international standard was developed in accordance with internationally recognized principles on standardization established in the Decision on Principles for the
Development of International Standards, Guides and Recommendations issued by the World Trade Organization Technical Barriers to Trade (TBT) Committee.

Designation: D903 − 98 (Reapproved 2017)

Standard Test Method for

Peel or Stripping Strength of Adhesive Bonds1
This standard is issued under the fixed designation D903; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the U.S. Department of Defense.

1. Scope
1.1 This test method covers the determination of the comparative peel or stripping characteristics of adhesive bonds
when tested on standard-sized specimens and under defined
conditions of pretreatment, temperature, and testing machine
speed.
1.2 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for information
only.
1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appropriate safety, health, and environmental practices and determine the applicability of regulatory limitations prior to use.
1.4 This international standard was developed in accordance with internationally recognized principles on standardization established in the Decision on Principles for the
Development of International Standards, Guides and Recommendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.
2. Referenced Documents
2.1 ASTM Standards:2
D907 Terminology of Adhesives
3. Terminology
3.1 Definitions—Many terms used in this test method are
defined in Terminology D907.
3.2 Definitions of Terms Specific to This Standard:
3.2.1 flexible, n—in this test method, indicates a material of
the proper flexural strength and thickness to permit a turn back
at an approximate 180° angle in the expected loading range of
1

This test method is under the jurisdiction of ASTM Committee D14 on
Adhesives and is the direct responsibility of Subcommittee D14.80 on Metal
Bonding Adhesives.
Current edition approved Nov. 1, 2017. Published November 2017. Originally
approved in 1946. Last previous edition approved in 2010 as D903 – 98 (2010).
DOI: 10.1520/D0903-98R17.
2
For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

the test without failure. In order to fulfill all terms of the
definition, at least one of the adhered materials must be
flexible.
3.2.2 peel or stripping strength, n—the average load per unit
width of bond line required to separate progressively one
member from the other over the adhered surfaces at a separation angle of approximately 180° and at a separation rate of 152
mm (6 in.)/min. It is expressed in kilograms per millimetre
(pounds per inch) of width.
4. Apparatus
4.1 Testing Machine—A power-driven machine, with a constant rate-of-jaw separation or of the inclination balance or
pendulum type, which fulfills the following requirements:
4.1.1 The applied tension as measured and recorded is
accurate within 61 %.
4.1.2 Hold specimens in the testing machine by grips which
clamp firmly and prevent slipping at all times.
4.1.3 The rate of travel of the power-actuated grip is 305
mm (12 in.)/min. This rate which provides a separation of 152
mm (6 in.)/min is to be uniform throughout the tests.
4.1.4 Operate the machine without any device for maintaining maximum load indication. In pendulum-type machines, the
weight lever swings as a free pendulum without engagement of
pawls.
4.1.5 The machine is autographic giving a chart having the
inches of separation as one axis and applied tension as the other
axis of coordinates.
4.1.6 The capacity of the machine is such that the maximum
applied tension during test does not exceed 85 % nor be less
than 15 % of the rated capacity.
4.2 Conditioning Room or Desiccators—A conditioning
room capable of maintaining a relative humidity of 50 6 2 %
at 23 6 1°C (73.4 6 2°F), or desiccators filled with a saturated
salt solution (Note 1) to give a relative humidity of 50 6 2 %
at 23 6 1°C are required for the conditioning of some
specimens.
NOTE 1—A saturated salt solution of calcium nitrate gives approximately 51 % relative humidity at the testing temperature.
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5. Test Specimen
5.1 The test specimen, shown in Fig. 1(a), consists of one
piece of flexible material, 25 by 304.8 mm (1 by 12 in.),
bonded for 152.4 mm (6 in.) at one end to one piece of flexible
or rigid material, 25 by 203.2 mm (1 by 8 in.), with the
unbonded portions of each member being face to face.
5.2 In order to maintain a separation rate of 152.4 mm (6
in.)/min the specimen is to be relatively nonextensible in the
expected loading range. Where a material is sufficiently extensible to lessen radically the separation rate, back it up with a
suitable nonextensible material. In reporting such a test,
completely identify the backing material and method.
5.3 Test materials are to be thick enough to withstand the
expected tensile pull but not over 3 mm (1⁄8 in.) in thickness.
Wherever possible, the standard thickness of specimens is:
metals, 1.6 mm (1⁄16 in.); plastics, 1⁄16 in.; woods, 1⁄8 in.; rubber
compounds, 1.9 mm (0.075 in.); and cotton duck, 627.4 gm/m2
(30 oz/yd2). Other special materials, as well as the standard
materials, are to be completely identified in the test report as
specified in Section 10.
5.4 Test at least ten test specimens for each adhesive.
5.5 Discard any specimen whose test result is out of line due
to some obvious flaw and retest.
6. Preparation of Test Specimen
6.1 Precondition or prepare the surface of the area to be
bonded in accordance with the recommendations of the manufacturer of the adhesive.

(a) Test Specimen

6.2 Bond the specimens in accordance with the procedure
and recommendations as outlined by the manufacturer of the
adhesive.
6.3 While individual specimens may be prepared, it is
recommended that specimens be cut from bonded panels
approximately 152.4 mm (6 in.) in width as shown in Fig. 1(b),
so that five standard 25-mm (1-in.) wide specimens are
obtained from each panel.
7. Conditioning
7.1 Condition all specimens for 7 days by exposure to a
relative humidity of 50 6 2 % at 23 6 1°C (73.46 2°F) or
until equilibrium is reached, except where the adhesive manufacturer may specify such an aging period to be unnecessary or
a shorter period to be adequate.
7.2 Special conditioning procedures may be used by agreement between the purchaser and the manufacturer.
8. Procedure
8.1 Conduct the test as soon as possible after removing the
test specimens from the conditioning atmosphere and preferably under the same conditions.
8.2 Separate the free end of the 25-mm (1-in.) wide flexible
member by hand from the other member for a distance of about
1 in. Place the specimen in the testing machine by clamping the
free end of the 8-in. long member in one grip, turning back the
free end of the flexible member and clamping it in the other
grip as shown in Fig. 2. Attach the separated end of the
specimen, with all separate parts except the one under test
securely gripped, to the recording head by means of a clamp
using care to adjust it symmetrically in order that the tension is
distributed uniformly. Maintain the specimen during the test
approximately in the plane of the clamps. This may be done
either by attaching the minimum weight required to the free
end of the specimen or by holding the specimen against an
alignment plate (Fig. 2) attached to the stationary clamp. In
either case, take into account the added weight in determining

(b) Specimens from Bonded Panel

English/Metric Equivalents
in.
mm

1
25

2
51

6
152.4

FIG. 1 Test Specimen

12
305

FIG. 2 Specimen Under Test
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the load causing separation. Grip the 1-in. wide flexible
member symmetrically and firmly without twisting in the
power-actuated clamp. Adjust the autographic mechanism and
chart to zero and start the machine. Strip the separating
member from the specimen approximately at an angle of 180°
and continue the separation for a sufficient distance to indicate
the peel or stripping value. Peel at least one half of the bonded
area, even though a peel or stripping value may be indicated
before this point.
9. Calculation
9.1 Determine the actual peel or stripping strength by
drawing on the autographic chart the best average load line that
will accommodate the recorded curve. Report the load so
indicated, corrected for any tare weight which may have been
used with the specimen as described in 8.2 expressed in
kilograms per millimetre (pounds per inch) of width for
separation at 152.4 mm (6 in.)/min, as the peel or stripping
strength for the particular specimen under test.
9.2 For each series of tests, calculate the arithmetic mean of
all the values, obtained and report as the “average value.”

10.1.1 Complete identification of the adhesive and specimen tested, including types, source, manufacturer’s code
numbers, form, etc.,
10.1.2 Method of preparing test specimens, including mixing and dispensing of adhesive,
10.1.3 Conditioning procedure used,
10.1.4 Testing room conditions,
10.1.5 Number of specimens tested,
10.1.6 Speed of testing,
10.1.7 Average value of peel or stripping strength,
10.1.8 Maximum and minimum strength values of the
series,
10.1.9 Individual test values, individual autographic charts,
and other statistical data requested by the purchaser, and
10.1.10 Type of failure.
11. Precision and Bias
11.1 A precision and bias statement does not exist for this
test method because resources necessary for round-robin testing have not been forthcoming.
12. Keywords

10. Report
10.1 Report the following:

12.1 adhesive bonding; peel strength; stripping strength
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Appendix B

Experimental Data

F IGURE B.1: Profilometer Measurement for 1st set of Specimens ito
top⇒1.24h

Appendix B. Experimental Data

F IGURE B.2: Profilometer Measurement for 3rd set of Specimens ito
top⇒1.24h

F IGURE B.3: Paired t-test (see table 1.2)
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( A ) PLA Cavity

( B ) Aluminum Specimen Mold

F IGURE B.4: Mold Fabrication Parts Drawing ito top⇒1.19h

Appendix B. Experimental Data

( A ) IR Spectra, Upper Half (fig. 1.41 (B))

( B ) Reference PEG IR Spectra (Commerce, 2018)

( C ) IR Spectra, Lower Half (fig. 1.41 (B))

F IGURE B.5: Frequency-Absorbance Plots of Specimen Shown in Figures
1.40 & 1.41
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( A ) IR Spectra of Control Specimen with Applied Silane (fig. 1.8)

( B ) Reference SIA0611.0 IR Spectra (SpectraBase/John Wiley & Sons, 2020)

F IGURE B.6: Frequency-Absorbance Plots of Control Specimen with
Applied Silane and According Reference Data ito top⇒2.5h
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